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ABSTRACT
Progressive changes in tenderness of meat cores and in structure
of muscle fibers from beef semitendinosus cores heated in test tubes in
a water bath to simulate oven roasting of top round roasts at
to end point temperatures of

40, 50, 60,

and

70 ° c

93

and

were evaluated.

149 ° c

Slower

heating and higher end point temperatures resulted in greater cooking
losses.

Warner-Bratzler shear value of cores and diameter of muscle fibers

decreased from
creased from

40

60

to

to

50

70 °c.

to

6o 0c

and sarcomere length of muscle fibers de

Cores heated to

40

and

exhibited considerable variation in shear values.

50 ° c

at both rates

Disintegration of

muscle fibers steadily increased with increases in int ernal temperature.
The slower rate of heating resulted in extensive granulation within
muscle fibers, whereas the faster rate resulted in more cracks and breaks
in the fibers.
cores heated to

Fiber disintegration was greater at the faster rate for

6o 0c

than at the slower rate.

The effect of heating rate

on the disintegration of muscle fibers suggested that the rate of heat
penetration might influence the type and extent of disintegration of
muscle fibers and the resulting tenderness of the meat.

Scanning electron

photomicrographs showed extensive fragmentation of muscle fibers at the
Z line, shortening of sarcomeres, and the disintegration of Z-line struc
tures in muscle fibers heated to
fibers heated to

70 °c

70 °c.

Extensive fragmentation of muscle

suggested an increase in tenderness, but a decrease

in shear value was not apparent with heating from

60

to

70 °c.

It appears

that other factors oppose the tenderizing effect of increased disinte
gration of muscle fibers at higher temperatures.
iii
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CHAPTER I
INTRODUCTION
Tenderness is considered by the consumer to be the most important
factor in the quality of meat (Bailey, 1972; Pearson, 1963) .

Changes

in tenderness that occur in meat during heating are complex and are re
lated primarily to two structural components of the muscle tissue.
These components are the muscle fibers, or myofibrils, and the connec
tive tissue fibers.

Alterations in the structural components of muscle

tissue caused by heat influence the tenderness of the meat (Schmidt and
Parrish, 197 1) .

Considerable research has been conducted in an attempt

to describe differences in tenderness attributed to heat treatment.
Connective tissue solubilization was shown to differ with heating rate
and end point temperature, but it does not completely account for the
changes in tenderness (Penfield and Meyer, 1975) .

Heat denaturation of

the myofibrillar proteins results in the hardening of the muscle fibers.
An optimum heating method should maximize collagen solubilization and
minimize hardening of muscle fibers.
Heating rate and end point temperature influence the tenderness of
meat.

Beef roasts heated at a low oven temperature for a long time pro

duced more tender meat, as indicated by Warner-Bratzler (WB) shear values
and taste panel scores, than roasts heated at higher oven temperatures
for a shorter time (Cover, 1943; Bramblett et al. , 1959; Bramblett and
Vail, 1964; Bayne et al. , 1969; Bayne et al. , 197 1) .

These researchers

suggested that the slower rate of heat penetration at the lower oven
1

2
temperatures resulted in increased collagen solubilization and increased
tenderness.

Paul et al. (1973) found end point temperature had no sig

nificant effect on WB shear values when semitendinosus (ST) strips were
placed in test tubes and heated in a water bath to reproduce the heating
°

of a ST roast in a 163 c oven to end point temperatures of 58, 67, 75,
°

and 82 c. Yet, a negative correlation (r = -0.8; P<0. 01) existed
between penetrometer readings and percentage of collagen solubilized.
These findings suggested that other factors such as the increasing coagu
lation of the myofibrillar proteins in this temperature range might be
more important than the breakdown of collagen.

WB shear values increased

with increasing cooking temperature to 80 0 C and then leveled off when
cylinders of beef longissimus dorsi (LD) and psoas major (PM) were placed
°

in test tubes and heated in a water bath at 60, 70, 80, and 90 c (Dube
et al. , 1972).

Sarcomere length gradually shortened with increases in the

cooking temperature.

The researchers suggested that the hardening of the

muscle fibers and the shortening of the sarcomeres during heating might
have contributed to the increased shear values of the cooked meat.
Cassens (1970) emphasized that vast resources, such as the scanning
electron microscope (SEM), are available for the study of muscle tissue,
but there is a lack of information for application of these methods and
techniques. An important advantage of the SEM is that it possesses a
greater depth of field than the light and transmission electron micro
scopes which permits a three-dimensional view of the sample.

Research on

the ultrastructure of muscles, as viewed with the SEM, has focused pri
marily on the structure of raw muscle as affected by post mortem changes.
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Heat-induced changes in the ultrastructure of beef muscle fibers have
received limited study (Cheng and Parrish, 1975; Schaller and Powrie, 1972).
The rate and the extent of heating affect various structural proper
ties of meat associated with tenderness.

The extent and nature of these

changes are not yet completely understood.

Previous researchers used

different heating rates and end point temperatures.

Many of the experi

mental procedures used in heating meat samples do not simulate methods
used in meat cookery.

Therefore, this study was designed to investigate

progressive structural changes in muscle fibers:

(1) as related to heat

treatments which simulated the oven roasting of beef top round roasts
°

at 9 3 and 149 c ; and (2) as associated with changes in tenderness.

Beef

ST cores were heated at the two rates to four end point temperatures of

40, 50, 60, and 700C.
1.

The objectives of this study were:

to relate changes in fiber diameter, sarcomere length,
and disintegration of muscle fibers to changes in tender
ness (WB shear values) of meat cores heated at two rates
to four end point temperatures;

2.

to compare two-dimensional structural changes in muscle
fibers with three-dimensional structural changes as
observed in phase contrast microscopy and scanning
electron microscopy, respectively.

CHAPTER II
REVIEW OF LITERATURE
Tenderness is defined by Deatherage (1963) as, "a quality repre
senting the summation of properties of the various protein structures of
skeletal muscle. " Many factors influence tenderness.

Two main classi

fications of these factors are ante mortem and post mortem

conditions.

Ante mortem conditions include genetic characteristics, physiological
factors, and feed and management practices. Post mortem conditions
include processing, length of time and temperature of storage, and
methods of cooking.

The structure and contraction state of the muscle

fiber proteins and the denaturation, coagulation, and hydrolysis of
these proteins during cooking all influence the ultimate tenderness of
meat.

Many researchers have studied the effects of cooking on the struc

ture of muscle fibers in relation to tenderness of the meat.

Yet, the

basic knowledge of the 1U1derlying principles of tenderness is not fully
1U1derstood.
I.

STRUCTURE OF SKELETAL MUSCLE FIBERS

A brief outline of the structural elements that comprise skeletal
muscle fibers is essential to the discussion of structural changes in
muscle fibers attributed to heat.

General information.on the histology

of skeletal muscle fibers is readily available in the literature.

The

knowledge of the structural elements of muscle from the gross to the
molecular level is essential to relating changes in these elements to
changes in the tenderness-of the meat.

4
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A muscle is arranged into different levels of organization by a
series of connective tissue components.

An entire muscle is surrounded

by a sheath of connective tissue termed the epimysium.

The epimysium

separates the muscle into groups of fibers called bundles or fasciculi.
Bundles of fibers within the muscle are surrounded by another connective
tissue layer, the perimysium.

Thin strands of connective tissue extend

from the perimysial connective tissue and surround individual muscle
fibers.

The endomysium is the connective tissue covering that surrounds

each muscle fiber.

The perimysium contains large blood vessels and

nerves, whereas the capillaries are contained in the endomysium.
Skeletal muscle fibers are multinucleated, elongated, cylindrical
cells.

Muscle fiber diameter, length, and other properties such as

physiological, biochemical, and histochemical vary among fibers.
diameter ranges from 10 to 100 microns.
may run the length of the entire muscle.
are one to 40 millimeters

Fiber

Fiber length varies greatly and
Reported ranges of fiber length

(Ham, 1969).

Sarcolemma
The sarcolemma lies directly under the endomysium and encases the
muscle fiber.

The sarcolernma is composed of connective tissue filaments,

basement membrane mucopolysaccharides, and a lipoprotein plasma membrane.
Mauro and Adams (1961) outlined four regions of the sarcolemma.

The

outermost region is composed of a delicate network of filaments lacking
striations.

The next region contains a layer of collagen filaments.

The third layer is uniform and structureless.

This layer is known as

the basement membrane which contains mucopolysaccharides.

The innermost

6
layer is the plasma membrane.

The sarcolemma presents a barrier for sub

stances passing from the capillaries of the endomysium to the interior
of the fiber.
Sarcoplasmic Reticulum
The sarcoplasmic reticulum is a highly organized network of tubules
and vesicles that transfers metabolites and acts as an impulse conducting
system.

The tubules lie parallel to the myofibrils in the spaces between

them and also transversely around the myofibrils.

The tubules fuse to

gether at the level of the H band and Z line of each myofibril segment
to form sacs that surround myofibrils and also wind among the fibrils to
provide a transverse channel across whole fibers.
three elements.

This system contains

Two of the elements are sacs belonging to the sarco

plasmic reticulum, and the third is a smaller tubule lying between the
sacs.

This network is called the transverse system or T systemo

Huxley

(1964) demonstrated that T tubules are part of the sarcolemma and extend
into the interior of the fiber at each Z line or at junctions between A
and I bands.
The sarcoplasmic reticulum and the transverse system work together
to trigger the contraction of myofibrils and their relaxation.

Porter

and Franzini-Armstrong (1965) suggested that the transverse system might
trigger the release of calcium ions within the muscle fiber at the Z line.
A series of reactions occurs bringing about the hydrolysis of ATP with
the release of energy.
the myofibrils.

The energy released powers the contraction of

The sarcoplasmic reticulum acts to pull calcium ions

out of the myofibrils causing the myofibrils to relax.

The sarcoplasmic

reticulum functions as a rapid telegraphic, plumbing, and supply system.

7
Myofibril
The examination of the fine structure of the rnyofibril has been
made possible by the electron microscope.

H. E. Huxley's classical

work (Huxley, 1953, 1957; Huxley and Hanson, 1957) with muscle fibers
has provided much of the knowledge of the ultrastructure of myofibrils.
The striated appearance of rnyofibrils is attributed to the arrange
ment of two types of filaments, thick and thin, within the rnyofibrils.
Thick filaments, or myosin filaments, are approximately 160 angstroms
in diameter and one and one-half microns in length.

The thin filaments,

or actin filaments, are only about 50 to 70 angstroms in diameter and
one micron in length.
The banding pattern appears as a succession of dark bands and light
bands created by the overlapping of thick and thin filaments •. The dark
band, called the A band, consists of the overlapping of thick and thin
filaments and a lighter area, the H zone, contains only thick filaments.
The lighter band, or the I band, contains only thin filaments.

The Z

line transverses the I band and appears as a narrow, dense structure.
The distance between adjacent Z lines is defined as a sarcomere.

A

dark line in the center of the H zone, known as the M line, is thought
to be created by a bulge in the center of the thick filament (Huxley,
1966).
The thick filaments contain myosin molecules.

The myosin molecule

is a rod-like structure with a double globular "head" at one end (Murray
and Weber,

1974).

The myosin molecule can be split into two distinct

fragments, heavy and light meromyosin.

Heavy meromyosin has the ability

to split a phosphate group from adenosine triphosphate (ATP) and the

8
ability to combine with actin.

Light meromyosin does not possess either

of these properties, but it has the solubility properties of intact
myosin molecules.

Myosin is studded with regularly spaced projections,

or bridges, along its length except for a small center portion of the
molecule.

Six rows of projections on each filament are spaced so they

occur every 60 to 70 angstroms.

Apparently, a projection, or cross

bridge, is formed from the "head" of a myosin molecule so that the
molecules are arranged with their head facing the two ends of the myosin
filament.

This accounts for the bare region in the center of the fila

ment.
The thin filaments contain, in addition to actin, tropomyosin and
troponin (Murray and Weber,

1974).

helix composed of two beaded chains.

Actin molecules appear as a double
Tropomyosins are long thin mole

cules that attach end-to-end and wrap around an actin molecule.

The

troponin molecule is a globular-shaped molecule that is attached near
the end of a tropomyosin molecule.

A tropomyosin molecule extends over

seven actin molecules and contains one troponin molecule.
Mechanism of Muscular Contraction
A model proposed by Huxley and Hanson

(1954)

describes the sequence

of events occurring during the contraction and relaxation of skeletal
muscle.

This model has been challenged numerous times but still remains

the accepted model.
The contraction and relaxation of skeletal muscle is a function of
the interaction between the muscle fiber proteins and is controlled by
the presence or absence of calcium ions.
muscle fibers:

Four major proteins comprise

myosin, actin, tropomyosin, and troponin.
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The three-dimensional structure of these muscle proteins provides
the structural basio for thf) contrat;tion mechanism of the musclt' (Po L'1.Qr
and Franzini-Armstrong, 1965) .

The release of calcium ions from the

sarcoplasmic reticulum and T system begins the sequence of events of the
muscle-contraction cycle.

A myosin head combines with a molecule of ATP
This intermediate form binds

which produces a charged intermediate form.

to an actin molecule in the thin filament to form crossbridges between
the filaments.

The calcium ions stimulate an enzyme action to bring

about the hydrolysis of the ATP molecule.

ATP splits into adenosine

diphosphate (ADP) and inorganic phosphate with the release of energy.
It is this energy that powers the contraction of the intact muscle.
Calcium ions are recaptured by the sarcoplasmic reticulum and T system,
and ADP is quickly regenerated to ATP.

The final step in the cycle re

sults in the detachment of the crossbridges when the ADP is recharged to
ATP.

The ATP is ready again to provide the energy for another contraction.
II.

HEAT-INDUCED CHANGES IN MEAT

Heat-induced changes in muscle tissue are complex.

Changes in

muscle fibers and connective tissue components attributed to heat influ
ence the ultimate tenderness of the meat.

Changes in the microscopic

appearance of muscle tissue reflect the changes occurring in the muscle
and connective tissue fibers during heating.

The nature and extent of

these changes in the muscle and connective tissue fibers present opposing
effects on tenderness.

Researchers such as Draudt (1972) and Paul (1963)

have theorized that the heat-induced change of fibrous connective tissue
to granular connective tissue has a tenderizing effect, whereas the
hardening of the myofibrillar proteins has a �oughening effect.
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Hamm and Deatherage (1960) studied chemical and physical changes in
meat during heating.

Mi xtures of ground meat were heated in a water bath

to the temperature of the water and held there for 30 minutes.

Hamm

(1966) concluded from the previous study that changes in myofibrillar
proteins and connective tissue attributed to heat occur in discrete
steps.

.

0

Changes were not apparent at 20 to 300C.

Between 30 and 50 C,

changes in myofibrillar proteins included the unfolding of peptide chains
and the formation of unstable cross linkages resulting in a tighter protein structure.

0

At 50 to 55 C, stable cross linkages started to form.
°

Most myofibrillar proteins coagulated by 65 c .

Collagen began to shrink

at temperatures around 63° c , and it was converted to gelatin at higher

temperatures resulting in an increase in tenderness.
Effect of Heat on Muscle Fibers
Changes in the microscopic appearance of muscle fibers during heat
ing follow a general pattern.

As the meat is heated, the muscle fibers

decrease in width and the sarcomeres shorten (Paul, 1963).

The extent

of these changes has varied with the time and temperature and the cut
of meat used.
A method for direct observation of change in muscle fibers during
heating was used by Hostetler and Landmann (1968).

A microscope equipped

with a heating stage was used to follow dimensional changes of muscle
0

fiber fragments from bovine LD heated from 29 to 8o c .
taken at two and three degree rises in temperature.

Photographs were

Fiber width and

length of the fragments were measured from the photographs.
°

width decreased gradually until 45 c .
°

Muscle fiber

A rapid decrease in fiber width

occurred between 45 and 62 c with little change after 62° c .

The length

11
°

of fiber fragments decreased only slightly up to 55 c .

Between 55 and

65°c , fiber fragments shortened to approximately 80% of their original

An additional 10% decrease occurred with increased heating to

length.

8o 0c.

Hostetler and Landmann suggested that the decrease in fiber width

occurs during the unfolding of peptide chains which is accompanied by a
loss of water-holding capacity.

With further heating, the fiber shorten

ing might be related to the actual coagulation of the proteins.
Dimensional changes occurring at the myofibrillar level were com
pared by Giles (1969) to gross changes observed in the entire bovine
muscle.

Measurements were taken on the length of the muscle strips and

on the length of sarcomeres of muscle fibers from photographs of muscle
°

Muscle strips were heated at 60 and 7 0 0 for 100 minutes.

sections.

Meat fiber shrinkage and shortening of sarcomeres were closely related.
Little change in either was apparent at 60°0, but muscle strips and

sarcomeres shortened to 80% of their original length at 7 0° c .

The extent of shortening of sarcomeres and hardening of the muscle
fibers with heating at different temperatures was studied by Dube and co
workers (1972).

Meat cylinders from bovine 1D and PM muscles were placed

in test tubes and heated in a constant-temperature water bath for JO
minutes at 60, 70, 80, and 90 ° c.

WB shear values differed significantly

(P<0. 01) with end point temperature.
0

ing to 8o c and then plateaued.

Shear values increased with heat

The increase in shear at the higher

temperatures was considered to be related to the hardening of muscle
fibers.

The plateau was associated with conversion of collagen to gela

tin at higher temperatures.

Sarcomeres shortened significantly (P<0. 01)

with increasing temperature with the greatest shortening between 7 0 and

80° c .

12
In contrast to the Dube et al. (1972) study, Hegarty and Allen

(1975) reported no change in sarcomere length of bovine PM muscle until
0

meat samples reached an internal temperature between 7 0 and 8o c .

Muscle

samples placed in polyethylene bags were heated in a water bath and
°

°

studied at 10 c intervals from 40 to 90 c .

The initial decrease in sar

comere length during heating was attributed to a shortening of the A
band.

Aronson (1966) show�.d that heating of rabbit PM muscle fibers
°

above 55 c resulted in the shortening of sarcomeres which involved the
shortening of both the I and the A bands.
Other heat-induced changes in muscle fibers are cracks and breaks.
Giles (1969) reported that breaks in muscle fibers occurred at the I

band-Z line junction when meat samples were heated at 7 0°c for 100 minutes.
With heating, both actin and myosin filaments were coagulated and lost
their fine structural detail.
Another change in microscopic appearance that was observed is the
disintegration of the myofibrils within a relatively intact endomysial
reticulum.

Doty and Pierce (1961) observed that muscle fibers of broiled

steaks from LD and ST muscles became eroded.

This disintegration within

the fiber resulted in the granulation of the fiber that increased with
continued heating.

Paul (1963) reported that granulation of muscle fibers

was more apparent in beef biceps femoris (BF) and semimembranosus (SM)
than in ST muscle.

She noted a possible relationship between the granu

lation in the BF and the mealiness of the BF muscle observed by Cover et
al. (1962) .
The effect of internal temperature on myofibrillar proteins of
bovine LD muscle was studied by Schmidt and Parrish (197 1) .

LD steaks

from carcasses of three maturities were broiled to internal temperatures
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0

of 50, 60, 7 0, 80, and 90 C.

Fiber diameter decreased with heating to

50°c as observed with the light microscope. With increasing temperature,

muscle fibers continued to shrink.

Phase contrast microscopy results

showed similar fiber shrinkage with some loss of structural integrity.
At all internal temperatures, the banding pattern of the myofibrillar
proteins was apparent.

The electron microscopy study also showed typical

banding patterns at all temperatures.

0
Heating tissue to 6o c caused

loss of M line structure, thick and thin filament coagulation, and initial
disintegration of muscle fibers.

The researchers thought that tender

ness of the meat initially should reach an optimum because of connective
tissue fragmentation, but further heating should result in a decrease in
tenderness because of the hardening of muscle proteins and the loss of
fluids.

Similar conclusions were indicated by laakkonen et al. (197 0).

Effect of Heating Rate and End Point Temperature on Tenderness
Numerous investigators have examined the changes in tenderness of
meat during heating.

Various rates, end point temperatures, and combina

tions of rate and end point temperature have been used in studies of the
effects of heat treatments on various properties of meat associated with
tenderness.

Because the heat treatments have varied, relationships

between heat treatment effects and tenderness have not been clear.
The effect of heating rate on tenderness, cooking losses, and
collagen solubilization of meat has been studied.

In cookin� studies,

the heating rate influenced the tenderness of the cooked meat.

Heating

beef roasts at lower oven temperatures for a longer time resulted in more
tender meat than heating at higher temperatures for a shorter period of
time (Cover, 1943 ; Bramblett et al. , 1959; Bramblett and Vail, 1964;
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Bayne et al. , 1969; Eayne et al. , 1971) .

Cover (1943) cooked beef roasts

°

at oven temperatures of 80 and 125 c to internal temperatures of 80 and

7 0°c , respectively.

Direct comparisons cannot be made between the two

heating rates because different end point temperatures were used, but
roasts cooked at the lower oven temperature were more tender as indicated
by taste panel scores and lower W13 shear values.

Cover noted that muscle

fibers and connective tissue fibers are the two primary structures which
contribute to the tenderness of meat.
More tender meat, as measured by W13 shear and sensory panelists,
°

was produced at an oven temperature of 63 c than at a higher oven tempera
°

ture of 68 c (Bramblett et al. , 1959 ) .

Paired muscles from six U. S.
°

Standard grade beef round roasts were heated in a 63 c oven for 30 hours
°

and in a 68 c oven for 18 hours.

They associated the increase in tender

ness at the lower temperature with the increased length of time that the
internal temperature of the meat was between 57 and 6o 0c .

Paul (1963)

suggested that the greater degradation of the collagen without excessive
hardening of the muscle fibers in this temperature range resulted in the
increased tenderness.

Again, both connective tissue and muscle fibers

were cited as factors contributing to the tenderness of meat.
A system which simulated the roasting of steamship round roasts
cooked at 121° c was used by Laakkonen et al. (1970) to study the effects
of low-temperature, long-time heating on the tenderness of meat.

Samples

(100-130 g) from three beef muscles were cooked in sealed plastic bags
°

°

by submerging in a 30 c water bath and increasing the temperature 0. 1 c

per minute to 6o 0c and then maintaining at this temperature for a total

cooking time of 10 hours.

Samples were taken for WE. shear measurements

each hour from the third to the tenth hour.

Only minor changes in
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t_enderness were reported during the first four hours of cooking.

The

greatest decrease in shear values was measured during the fourth to the
sixth hours, when the internal temperature of the meat was increasing
from

50

to

6o 0c.

They theorized that the major increase in tenderness

is reached at the collagen shrink temperature.

At higher temperatures

there is a greater loss of fluids and a greater coagulation of muscle
fibers.
The results of the previous research studies suggested that the
To better under

slower heating rates increase collagen solubilization.

stand the changes in connective tissue during heating, Bayne et al.

(1971)

measured changes in alkali insoluble collagen from beef top round roasts.
Paired SM muscles from top round roasts were cooked at
to an end point temperature of

70 ° c.

Roasts cooked at

93

and at

93 °c

149 ° c

had greater

cooking losses and were more tender as indicated by WB shear values and
taste panel scores.

The amount of alkali insoluble collagen was similar

for the roasts cooked at the two rates.

The alkali insoluble content

provided no explanation for the lower shear values of the meat heated at
the slower rate.
The effect of end point temperature on measurements associated with
the tenderness of meat has been studied in attempts to explain structural
changes occurring in meat with heating.
and Child

(1938) ,

In an early study by Satorius

the effect of increasing internal temperature on shear

force values, press fluid yields, total moisture content, and fiber
diameter was studied.
of

58, 67,

apparatus.

and

75 ° c.

Beef ST muscles were heated at

150 0C

to end points

Shear force values were measured on a shear-stress

Press fluid and total moisture decreased with an increase in

temperature from

67

in temperature from

to

58

16

7 5 0C.
to

Fiber diameter decreased with an increase

67 °c,

67

but was similar between

Shear force values decreased when samples were heated from
and then increased when heated to

75 ° c.

and

58

75 °c.
to

67 °c

Solubilization of collagen was

suggested to have a greater effect on shear values than the coagulation
of myofibrillar proteins in a temperature range of
higher temperatures, such as

75 0C,

58

to

67 ° c.

At

the reverse is true.

The effect of end point temperature on WB shear values of meat
cylinders was studied by Machlik and Draudt

(1963).

Cores, one-half

inch in diameter and two inches in length, from beef ST muscles were
placed in test tubes and heated in water baths at each

50

to

90 0C

and were studied at

decreased in the range of

56

10

to

to

59 °c.

13

time intervals.

60

and

65 ° c.

interval from

Shear values

The decrease was thought to be the

result of the collagen shrinkage reaction.
tained between

1 °c

Minimum shear values were ob

Shear values of the cores varied with heat
Time-temperature combinations were con

ing time at a given temperature.

sidered to influence the resulting tenderness of the cooked meat.
continuation of this study, Draudt et al.
values from samples of beef LD in the

70

(1964)
to

decreased with heating at temperatures from

76 ° c

76

to

In a

obtained maximum shear
range.

90 ° c.

Shear values
In agreement

with the previous study, heating time was not critical in the changing
'

of shear values at temperatures of 60 to 640C.
Bouton and Harris
Machlik and Draudt

(1972)

(1963)

reported similar findings to those of

and Draudt et al.

(1964).

Samples from five

muscles secured from beef animals of three ages were sealed in poly
ethylene bags and heated in a water bath at

40, 50, 60,

and

75 ° c

for
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one hour.

Instron values for adhesion and compression of meat usually

were lower for meat samples cooked at 6o

0

c

than those cooked at

50 ° c.

Adhesion measurements assess the strength of the connective tissue holding
the fibers together; compression values depend on the muscle fiber shear
strength and the strength of the connective tissue between muscle fibers.
Adhesion values increased with heating from 60 to
young steers.

75 °c

for samples from

The increase in adhesion values suggested that increases

in shear and compression in this temperature range might be attributed
to the bunching up of connective tissue fibers and the loss of moisture
from the meat in addition to the increased coagulation of muscle fibers.
The effect of rate and end point temperature combinations on collagen
solubilization and tensile properties was studied in an attempt to ex
plain changes in muscle tissue that influence the tenderness of the meat.
The extent of solubilization of collagen and the tenderness of beef heated
at a specific rate to various end point temperatures were examined by
Paul et al.

(1973).

Strips of bovine ST muscles were placed in test

tubes and heated in a water bath to simulate the heating of a ST muscle
°

in a 163 0 oven.

Samples were heated to

58, 67, 75,

0

and 82 C.

Percent

solubilized collagen and penetrometer readings increased significantly
(P<0. 01) with increasing internal temperature.

Shear values decreased

with increasing temperature, but differences were not significant in this
temperature range.

A negative correlation (r = -0. 8; P<0. 01) existed

between penetrometer readings and collagen solubilized.

These results

suggested that muscle fibers become more dense and compact with increased
heating in this temperature range, and this is more important than the
solubilization of collagen in determining the ultinate tenderness of the
cooked meat.
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Progressive changes in tenderness and solubilized collagen of meat
samples heated at two rates to four end point temperatures were studied
by Penfield and Meyer (1975).

Cores of beef ST were heated in a water
°

bath at rates comparable to oven roasting at 93 and 149 c to end points
°

of 40, 50, 60, and 70 c.

Cores heated at the slower rate had lower

shear values and a larger percentage of hydroxyproline solubilized
(P < O. 01) .

As end point temperature of the cores increased, shear values

decreased and solubilization of hydroxyproline increased (P < 0. 001).
Shear values and percentage of hydroxyproline solubilized were negatively
correlated (r = -0. 704; P < 0. 01).

Limitations to this relationship exist

which do not permit a clear understanding of the causes for changes in
tenderness.

0

An increase in solubilized collagen from 60 to 70 C was not

accompanied by a decrease in shear value.

A greater (P<: 0. 01) solubiliza

°

°

tion of hydroxyproline for the slow 70 c cores than for the fast 70 c
cores did not result in differences in shear values for the two treat
ments.

Thus, the investigators concluded that other factors in addition

to collagen solubilization are responsible for the final tenderness of
meat cooked at slow rates .
In further work conducted by Penfield et al. (1976) , the tensile
properties of muscle and connective tissue fibers were studied using the
Instron and the WB shear.

Instron tensile strength and WB shear measure

ments were taken on beef ST cores removed perpendicular and parallel to
muscle fibers and heated to· end point temperatures of 50, 60, and 70 ° c
according to the method described by Penfield and Meyer (1975) .

Shear

values were lower (P < 0. 001) for samples heated at the slower rate than
at the faster rate.

With respect to end point temperature, shear values
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decreased significantly ( P < 0. 01) with an increase from 50 to 6o 0 c.
Breaking strength values decreased significantly ( P < 0. 01) from 50 to

6o 0c , but increased with heating from 60 to 70° c. Breaking strength

measurements, with respect to fiber direction, suggested that the muscle
fiber component changed more than the connective tissue as the tempera
°

ture increased from 50 to 70 c .

Breaking strength values did not differ

significantly between samples heated at the two rates.

The researchers

noted that an increased understanding of the contribution of the con
nective tissue component to tensile strength measurements and of the
effect of dimensional changes in fibers during heating is needed to ex
plain the changes in tenderness.
It is evident from these studies that rate, end point temperature,
and their interaction can influence the tenderness of the meat.

To

draw specific conclusions as to the effect of heat on muscle fibers is
difficult because of differences in methods and materials used in the
research cited.
III.

SCANNING ELECTRON MICROSCOPY

In recent years, the ultrastructure of materials has been elucidated
through the use of the scanning electron microscope (SEM) .

The wide

range of biological applications of the scanning electron microscope is
illustrated in the Proceedings of the Annual Symposium on Scanning Elec
tron Microscope held at the Illinois Institute of Technology Research
Institute in Chicago (Pease and Hayes, 1968).

Cells, tissue, fibers,

microorganisms, and insects are a few examples of the general areas of
application of the SEM.

The SEM has just begun to be used as a food
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research tool.

It is designed for the study of the surface of a sample,

which makes it especially useful in the study of heat-related changes
of the ultrastructure of muscle fibers.
The scanning electron microscope forms an image of the surface con
tours of a specimen.

Magnification of the SEM range·s from 10 times to

greater than 100, 000 times.

The resolution of the SEM may be as good

as 25 nm, whereas the transmission electron microscope (TEM) has a
better resolving power of 1 to 2 nm.

At a magnification of 10, 000 times ,

the depth of field, or the ability of the microscope to maintain various levels of a specimen in focus, of the SEM is 10 microns (Kimoto
and Russ,

1969) . The high resolution and the great depth of field far

surpass that of the light microscope.

Although the resolution is not as

great as the transmission electron microscope, the SEM has as its major
advantages the greater depth of field and the ease of sample preparation.
Because the image information comes from the surface of the sample, there
is no need for samples to be transparent to the electron beam, which is
the case with the TEM.
with the SEM.

Therefore, sample size is not a limiting factor

In addition, proper sample preparation permits the exam.in-·

ation of the interior structure of sectioned materials.

The greater

depth of field possible with the SEM is a distinct advantage over the TEM.
The scanning electron microscope consists of the following major
parts:

an electron optical system; a specimen chamber and specimen

stage; a detecting system; and a display system.

An electron gun pro

duces a beam of electrons which scans the surface of the specimen while
the image is formed on the screen of a cathode ray tube.

In most cases,

the emissive mode of the scanning electron microscope is used to present
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the details of the topography of the specimen.

In the emissive mode,

secondary electrons emitted from the specimen surface are colle cted .
The sec�ndary electrons are a result of the interaction of the electron
beam and the specimen.

The number of electrons produced in the emissive

mode reflects the surface topography of the specimen (Carr, 1972).
The image formed on the screen presents a three-dimensional view of the
surface of the specimen.
Sample Preparation for SEM Work
A limited number of studies using the SEM has been reported.
Sophisticated techniques and standardized sample preparation methods have
not been established.
In most cases, sections of muscle fibers are fixed in an aldehyde
fixative, dehydrated in alcohol or acetone, dried, and coated with gold
or palladium-gold.

Freeze drying and fracturing of muscle tissue is an

other technique used.

Methods used by researchers vary, and techniques

employed have presented some problems and present some questions as to
the appropriateness of the technique.

Frozen samples have the disadvan

tage of potential distortion because of artifacts produced from the
crystallization of water (JEOL LTD. , 1972).
Incomplete dehydration of muscle tissue is a frequent cause of
poor results (Stanley and Geissinger, 1972).

Upon exposure to the

electron beam, incompletely dried samples of muscle tissue crack and
show signs of distortion of the underlying structure.

Air drying of

muscle tissue is inadequate to maintain the fine structure of muscle
fibers.

Shrinkage occurring during drying causes an increase in surface

tension which results in distortion and collapse of the soft tissue.
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Critical point drying is the best method known to avoid surface tension
effects.

In this method , tissue samples are dehydrated with a series of

acetone solutions.

The acetone is replaced with liquid carbon dioxide.

The sample is heated to a temperature slightly above the critical tempera
ture to evaporate the carbon dioxide from the sample and to complete de
hydration.
Muscle fibers, like most biological samples, have low electrical
conductivity.

With samples of low conductivity there is a tendency for

an electrical charge to build up on the specimen when it is scanned with
the electron beam.

Charging causes bright spots on the sample when

viewed under the SEM and reduces the resolution of the image.

To pre

vent charging and any damage by heat, a thin layer of a conductive metal
is applied to the surface of the specimen.

Gold and palladium-gold alloy

are metals commonly used to coat samples because of their ability to
generate secondary electrons.

In addition, they are not easily oxidized

which preserves the sample for a longer period of time.
are applied in a vacuum evaporator.

Metal coatings

Evaporation is performed while ro

tating and tilting the sample to assure a complete and even film of
metal on the surface of the sample.
SEM Work on Skeletal Muscle Fibers
In the field of biology, skeletal muscle has been studied under the
scanning electron microscope.

Boyde and Williams (1968) examined single

fibers and small bundles of fibers of frog skeletal muscle which had
been fixed in glutaraldehyde, dehydrated, air dried, and coated with car
bon and gold.

Additional samples were treated with a bacterial collagenase

before fixation and then freeze dried.

The collagenase treatment removed
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external collagen which revealed the underlying structures of the Z line,

A band, and I band.

A unique method of examining muscle tissue was

developed that uses a regular glass-mounted light microscopy slide to
be used in the SEM (McDonald et al. , 1967) .

In this study, sections of

rabbit brain and kidney tissue, not skeletal muscle, were viewed with
both the SEM and the light microscope.

Increased information obtained

with the use of the SEM included a three-dimensional representation and
increased resolution.

The use of this technique has not been expanded,

but it serves as an unusual tissue section preparation method.
Beidler (1970) outlined preparation techniques used for small tissue
specimens.

The method included the fixation of the tissue in glutaralde

hyde and dehydration in a series of ethanol solutions.

Following dehydra

tion , samples are critical point dried, cemented to a specimen stub, and
coated with a thin layer of palladium-gold.

Photographs by Beidler of

untreated stew beef showed the sarcolemma which encloses individual
bundles of fibers.

When sections of the sarcolemma are removed, the Z

line and A band become apparent at magnifications over 2000 times.

"Pro

tem"-treated stew beef presented a clear picture of the inside of muscle
fibers because of the removal of much of the connective tissue surround
ing the muscle fibers.
The ultrastructure of contracted porcine muscle as related to texture
was studied with the SEM by Stanley and Geissinger ( 1972).

Porcine PM

muscle samples from animals were taken 25 hours post mortem and fixed in

formaldehyde.

Samples were air dried and coated with gold.

Incomplete

dehydration and uneven air drying caused poor results in this study.
Upon exposure of the tissue to the beam of the SEM, cracking of the metal
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coating caused gross distortions of the muscle fiber structure.
air drying caused similar distortions.

Uneven

The surface structure of intact

fibers was related to the underlying structure by these researchers .
In a later study, Stanley (197 4) studied progressive changes of
myofibrils of beef PM and ST aged at O to
mortem.

5° c

Samples were critical point dried.

for O, 6, and 12 days post

Unaged PM muscle contained

myofibrils that were unbroken and intact transverse elements at the Z
line.

At six days post mortem, some breaks at the Z line were apparent

and transverse elements were less distinct.

This deterioration of the

myofibrils was increased at 12 days post mortem.
Freeze fracturing of muscle tissue was used in sample preparation
for SEM work to reveal the inner structure of muscle fibers (Dutson,

197 4; Schaller and Powrie, 1971, 197 2) .

The question arises as to what

effect the initial freezing in liquid nitrogen has on the contraction
state of the muscle fibers.

The rapid freezing causes changes in the

fiber orientation of raw samples.

It is possible that distortions in

the surface structure may result from rapid contraction or ice damage
in the use of both raw and cooked samples of muscle tissue.
Dutson (197 4) used the freeze-fracturing technique to study muscle
tissue samples.

After freezing in liquid nitrogen and fracturing, the

tissue samples were fixed in glutaraldehyde and osmium tetroxide followed
by dehydration in a series of ethanol solutions.

Critical point drying

and a coating of palladium-gold completed the sample preparation.

Dut

son devised a scheme for observation of muscle tissue in the SEM to
obtain a representative picture of the total muscle tissue.

Two dif

ferent areas from the same muscle are taken as duplicates and JO to 40

individual random samples are taken from each of the duplicates.
random samples are fixed and prepared for sectioning.

These

No less than two

samples from each duplicate are prepared and observed under the micro
scope.

At least 10 random photomicrographs are taken from each sample

and an analysis of differences among treatments is taken from the photo
micrographs.

Sampling error is still possible, but this procedure attempts

to randomize sampling and to observe different areas from a sample.
The ultrastructure of heated beef muscle fibers was observed by
Schaller and Powrie

(1972 ).

a sealed plastic bag to

60

Commercial bovine LD muscle was heated in
and

97 °c .

After heating, samples were cooled

to room temperature, frozen in liquid nitrogen, and fractured.

Sample

preparation included fixation in glutaraldehyde and osmium tetroxide,
dehydration in ethanol, drying in nitrogen gas, and coating with gold.
Samples heated to

97 ° c

still maintained the integrity of the myofibrils

with some disintegration apparent in the I band and cracks across the
fibers.

The morphology of the tissue was not affected as drastically

when heated to

60 0C.

The uses of the scanning electron microscope in the area of food
research have only begun to be explored.

As a tool to study the physical

characteristics of muscle tissue, there is the potential for some excit
ing and elucidating studies of heat-induced changes in muscle tissue.
How these changes relate to measured and perceived changes in tenderness
of cooked meat may provide information to describe differences in tender
ness attributed to the heat treatment.

CHAPTER III
PROCEDURE
Cores, 2. 5 cm in diameter, from beef ST muscles were assigned to
treatment combinations of two heating rates (referred to as slow and
fast) and four end point temperdtures

( 40 , 5 0 , 60 ,

and

70 ° c) .

Two cores

for each treatment were obtained from each muscle and two additional
cores were used in monitoring the heating rates of the test cores.
Moisture-fat, fiber diameter, sarcomere length, and pH measurements
were taken on raw samples from each muscle.

Measurements of cooking

losses, shear value, fiber diameter, sarcomere length, and a subjective
measurement of fiber disintegration from tissue sections were made on
cooked samples.

Tissue sections of raw and cooked samples were observed

with a phase contrast microscope, and photographs were taken.

The ultra

structure of muscle fibers was studied from photomicrographs from scan
ning electron microscopy of raw and cooked samples.

I.

SOURCE OF MEAT

Seven U. S. D.A. Choice rounds from Angus heifer carcasses were ob
tained from Lay Packing Company, Inc. , Knoxville, Tennessee, on N
ovember

6, 1975. The carcasses met the following specifications : U. S. D.A.

Choice grade, 227 to 295 kg carcass; 1. 0 to 1. 3 cm of backfat; maturity
Type A; and typical small marbling level.

The ST muscle from each round

was excised following four days aging in a cooler at 1 0C.
wrapped in freezer paper, frozen, and stored at
study.
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-15 ° c

Muscles were

until used in this
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II.

PREPARATION OF SAMPLES FDR HEATING

Each frozen ST muscle was cut into

5. 7

cm sections across the fibers.

The meat was allowed to defrost slightly to permit the removal of eighteen
cores of

2 . 5 cm diameter cut parallel to the muscle fibers. The cores

were randomly assigned to heating rate-end point temperature treatments.
Each heating rate-end point temperature was considered a treatment.

An

additional core used in monitoring each heating rate was assigned for a
thermocouple.

50

Cores were placed in weighed

ml Pyrex test tubes con

taining two glass marbles; tubes were reweighed to determine raw core
weights.

Cores were stored in the refrigerator (2 to 3 ° c) until heated.

The order of the heating rates was randomized for each replication.
The remaining raw muscle tissue was ground twice through a grinder
attachment to a Hobart mixer containing a plate with
was mixed thoroughly.

5

mm holes and then

Samples were taken for moisture-fat determinations

and pH measurements of the raw tissue.

Duplicate pH readings of ground

raw tissue were made on samples from each muscle using a Corning Scien
tific Instruments pH meter, Model

5,

that was standardized with a buffer

solution of pH 7. 0 (Rogers et al. , 1967).

III .

HEATING

Tubes containing cores for a heating rate were placed randomly in
°

a shaker bath containing cold water (2 to 3 c) with the core assigned
for a thermocouple placed near the center of the water bath.

The

heating of the water bath was scheduled according to Penfield (1973).
Scheduling of the heat penetration was done by adjusting the water bath
temperature control every eight minutes to approximate heat penetration
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curves (Fig. 6, Appendix A) obtained in previous work (Smitherman,

1967).

The two heating rates simulated oven roasting of top round roasts
°

ranging in weight from 1. 9 to 2. J kg at 9 3 c for approximately
and roasting at

149 ° c

for approximately

2. 5

ferred to as slow and fast, respectively.

hours.

9. 5

hours

Heating rates are re

Two tubes were removed from

the water bath when the meat core containing a copper constantan thermo
couple placed in the center of the core reached temperatures of 40 , 50 ,
0

60, and 70 C.

Tubes containing the cores were cooled in an ice bath for

15 minutes after removal from the water bath.
IV.

METHODS OF EVALUATION

After cooling, tubes were weighed to determine evaporative los ses.
Adhering drip was removed carefully from the cores, and the tubes were
reweighed to determine drip los ses.

Cores were wrapped in aluminum foil

and placed in the refrigerator overnight prior to further analysis.
Meat Cores
Shear value.

Following overnight refrigeration, each core was

sheared three times with a Warner Bratzler shear, using a 50 pound
dynamometer.

Shear values for the two cores from a heat treatment were

averaged prior to statistical analysis.
mained after shears were taken.

Four sections of each core re

The two center sections were assigned

for histological work; the two remaining sections were assigned to
moisture-fat determinations.
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Moisture-fat determination.

Sections of cores assigned to moisture

fat determinations were ground once through a grinder attachment to a
Hobart mixer containing a plate with
thoroughly.

Approximately 3 to

5

5

mm holes and then were mixed

g samples of ground cooked and raw

muscle were weighed into . preweighed Whatman extraction thimbles.
were dried in a vacuum oven at

65 ° c

for

16

50.0 °c )

Samples

hours, weighed, and extracted

with petroleum ether (b. p.

37.4

Fat Extraction Apparatus.

Samples were dried and weighed following the

extraction process.

to

for

6

hours on a Goldfisch

Percent nonfat dry weight (NFDW) was calculated.

Phase Contrast Microscopy
Fiber diameter and sarcomere length.

One of the center sections of

each meat core was fixed in 100/o formalin and physiological salt solution
(Appendix A) for at least 24 hours.

A fiber suspension us ed for fiber

diameter and sarcomere length measurements was prepared according t o a
modification of procedures by Tuma et al.
imately

5

mm x

2. 5

2

(1962 ) .

mm , were homogenized with

15

Small sections, approx
ml distilled water in a

Waring Blendor with a small cup attachment for JO seconds to separate
intact muscle fibers.
mined on

25

Sarcomere length and fiber diameter were deter

randomly selected fibers from each sample using a Bausch &

Lomb Dynazoom Phase Contrast Microscope equipped with an eye piece
micrometer.
A drop of the fiber suspension was placed on a slide and covered
with a cover slip for sarcomere length measurements.

Sarcomere length

was determined by counting the number of A bands of each fiber along
110 microns of a micrometer at 970X magnification under oil immersion.

JO
Counts were made to the nearest half sarcomere (Hegarty and Allen,

1975 ) .

Fiber diameter measurements were made with a hanging drop slide and
viewed at lOOX magnification.
Tissue section slides.

Slides from sections of meat cores fixed in

formalin and physiological salt solution for at least 24 hours were pre
pared according to outlined laboratory procedures (Anonymous,

1972 ) .

Small blocks, approximately 3 mmJ , of fixed tissue were frozen on the
platform of an AO Spencer 880 Freezing Clinical Microtome.

Longitudinal

sections of the tissue were cut approximately 20 to 25 microns thick.
The tissue sections were placed into a copper mesh basket and taken
through a schedule of staining steps.
ethyl alcohol for

JO

Cut sections were placed in

70%

seconds and then Sudan III fat stain (Appendix A)

for three to five minutes.

The tissue sections next were passed through

a series of ethyl alcohol solutions of 70,
JO seconds in each solution.

50 ,

and

3 5%

ethyl alcohol for

Following 60 seconds in distilled water,

the sections were stained in Harris hematoxylin tissue stain (Appe ndix A)
for one to three minutes and rinsed twice in tap water for
each rinse.

JO

seconds in

The stained sections were teased onto slides, mounted in

glycerine, and covered with cover slips.
The Bausch & Lomb Dyna.zoom Phase Contrast Microscope was used to ob
serve slides at

4JOX magnification. Photographs corresponding to various

degrees of disintegration were developed and used to facilitate study of
the tissue sections (Fig. 1).
to

5,

extreme disintegration.

Values ranged from 1, no disintegration,
Five slides were selected as representative

samples from each heat treatment.
and studied by two observers.

Slides were coded by a non-observer

The extent of fiber disintegration was
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a.

1, no disintegration

c.

d.

b.

2, slight disintegration

3 , moderate disintegration

4 , heavy disintegration

e.

5 , extreme disintegration

Fig. 1--Photographs corresponding to various degrees of disintegration
of muscle fibers from heated beef ST cores as observed with a phase
contrast microscope used to study tissue sections (295X) .
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recorded on check sheets (Appendix A) .

Fiber disintegration values from

the two observers were averaged for statistical analysis.

Photographs

of samples from each treatment were taken from representative areas of
muscle tissue· with a Kodak ColorSnap
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Camera on the microscope.

Film

type was Panatomic X, ASA 32; and the exposure time was nine seconds.
Scanning Electron Microscopy
Scanning electron microscopy work was done with samples from two
replications in this study.

Samples from cooked cores were taken from

one of the center sections of the cores which were designated for histo
logical work.

A raw sample of muscle tissue was taken randomly from the

remaining meat from each muscle after cores were taken and before the
grinding of the meat.

Modified procedures by Beidler (1970) were used

for sample preparation.

The designated section from the cores for each

treatment was fixed in 10% formalin and physiological salt solution for
at least 24 hours.

Ten individual random samples from each treatment

were cut into 3 x J x 1 mm blocks and placed in 0. 1 M phosphate buffer
solution (pH 7. 0) prior to critical point drying.

A block was randomly

selected from each group of individual samples and serially dried in
acetone solutions of 20, 50, 75, 90, and 100% acetone.
Following dehydration, samples were critical point dried in carbon
dioxide.

Dried tissue samples were glued to specimen stubs with DAG 45,

a graphite suspended in isopropyl alcohol, and placed in a desiccator
until viewed with the scanning electron microscope.

Dried samples were
0

coated with palladium-gold (40: 60; approximately 5 00 to 600 A layer) in
a vacuum evaporator.

Samples were examined with an AMR 900 Scanning

Electron Microscope at 21 Kv.

Random photomicrographs were taken from
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each block with a Polaroid camera on the microscope.

Photomicrographs

from each block were studied, and a descriptive analysis of the muscle
fibers was reported.
V.

STATISTICAL ANALYSIS

The design of the experiment was a split-plot design with seven
replications.

Each animal (muscle) constituted a plot.

Analysis of

variance and orthogonal comparisons were used to study the functional
relationship between heating rate and end point temperature for shear
value, fiber diameter, sarcomere length, fiber disintegration value,
cooking losses, and nonfat dry weight as shown in Table 1.

When sig

nificance was found, the Student-Newman-Keuls Test (Sakal and Rohlf,
1969) was applied.
Table 1--Analysis of variance for split-plot design of
the study
Source of Variation
Total
Rate
· Animal (muscle)
Error Aa
End Point
Linear
Quadratic
Cubic
Rate X End Point
Error Bb
a
Error term for rate and animal

Degrees of Freedom

55
6
6

3

1
1
1
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b
Error term for all sources except rate and animal

CHAPTER IV
RESULTS AND DISCUSSION
Beef ST cores were heated at two rates, referred to as slow and
0

fast, to four end point temperatures of 40, 50, 60, and 70 C.

The effects

of rate, end point temperature, and the interaction of rate and end point
temperature on measurements of cooking losses, moisture-fat, WB shear
value, fiber diameter and sarcomere length of muscle fibers, and the
disintegration of muscle fibers were analyzed .

Changes in shear value

were related to changes in fiber diameter, sarcomere length, and fiber
disintegration.

Structural changes in muscle fibers, raw and cooked,

as observed in phase contrast microscopy and scanning electron microscopy
are reported and compared.

The mean heating time of cores for the rate

end point temperature treatments is given.

Measurements of pH, moisture

fat, fiber diameter, and sarcomere length from raw ST muscles are re
ported.
I.

pH AND HEATING RATES

Values for pH ranged from
(Table 6, Appendix B).
normally

5.4

to

5.5

5 . 25

to

5 . 48

with a mean of

5 . 41 �

0 . 09

The reported ultimate pH value for muscle is

(Kastenschmidt, 1970).

An average pH value of

5.3

for ST muscles from HerefordxAngus-Holstein heifers taken two days post
mortem was reported by Kline et al. (1969).
The mean heating times for cores heated at slow and fast rates are
shown in Table 2.

At all end point temperatures the heating times were

longer at the slow rate.

The respective mean total heating times for
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slow and fast rates were 581 and 165 minutes for the cores to reach an
0

internal temperature of 70 C.
Table 2--Mean heating times for ST cores heated at two
rates to four end point temperatures
End point

a

Heating time (minutes)
Fast .rate
Slow rate

o

( c)
40

125 � 8

50

172 �

60

248 � 4

115 +- 5

70

581 :!: 9

165 + 7

79 � 4

4

97 + 3

8Means and standard deviations of seven replications
II.

COOKING LOSSES AND MOISTURE-FAT VALUES

Heating rate influenced evaporative and total cooking losses
(Ta ble 3) .
ative

Cores heated at the slow rate had greater (P< O. 001) evapor

and total cooking losses than cores heated

at

the fast rate.

End point temperature affected drip, evaporative, and total cooking
losses (P < 0. 001) .

Drip loss increased significantly (P < 0. 01) with

each observed increase in internal temperature reached by the coreso
Evaporative loss was greater at 60 and 70 ° c than at 40 ° c.
The effect of heating rate on drip, evaporative, and total cooking
losses was dependent on end point temperature (Table
0

40 C was unaffected by rate.

3) .

Drip loss at

The slow rate of heating resulted in

greater (P < 0. 01) drip loss than did the fast rate at end point

Table 3--Means and F values for

Sour c e of
variation
Rateb
Slow
Fa s t
0
0
End point ( c)
40
50
60
70
0
c
Rate x end point ( c)
Slow
40
50
60
70
Fa s t
40
50
60
70
8Mean s of
b

by

s even

c ooking

lo s s es and

nonfat

dry weight of

Drip
c ooki� lo s s (�2
F value
Mean

Evaporative
c ooking lo s s (�2
Mean
F value

Total
cooking los s (�2
Mean
F va lue

Nonfat
d� weight (�)
F value
Mean

21. 7 a
21. 0a

7. 3 b
2. 0a

29. 0b
23 . oa

30. 2 b
27. 3a

12. 4a
16. 6b
24. 7 c
31. 7d

1. 13

ns

203. 48***

16. 69***

o. 6 a
l. 3ab
2. 8b
14. 0 c

143. 90***

222. 70***

105. 5 4***

12. 9a
17. 9b
27. 50
45. 6d

51. 19***

756. 19***

21. 30***

60. 51***

284. 23***

24. 9a
24. 7a
28. 0b
37. 2 c

27. 69***

12. 5a
18. 6b
27. 0d
28. 6d

o . 6a
l. 6ab
4. 0b c
23. ld

13. la
20. 2b
31. 1a.
51. 7f

24. 8ab
25. 3 ab
29. 3 c
4l. 3e

12. 2a
14. 6a
22. 4c
34. 7e

0. 5 a
l. O a
l . 6 ab
4. 9c

12. 6a
15. 6 a
24. 0 c
39. 6e

25. 0ab
24. 2a
26. 8b
33. 2d

a

column followed

c

by a c ommon

letter

are not

Eild point or rate x end point mean s within a column followed
different as determined by Student-Newman-Keul s test (P < 0. 01)
P > 0. 05;

ST core s a

replications

Rate mean s within
F tes t (P < 0. 05)

ns

b eef

***P < 0. 001

signifi cantly different

by a c ommon

letter

as

determined

a re not s ignifi c antly

w

O"\

•

temperatures of

50

and

6o0 c

and less drip loss at

37

70 ° c.

Evaporative loss

was affected by heating rate only at the end point temperature of
At

70 ° c,

evaporative loss was much greater

with the fast rate.

(P< 0. 01)

70 ° c .

with the slow than

The heating time for the slow rate was approximately

J-1/2 times longer tha..� the fast rate for cores heated to

70 °c

(Table 2).

The longer time of heating at the slow rate resulted in greater evapora
tive losses for the slow

70° c

cores (Table J).

In addition, it per

mitted the evaporation of drip losses which accounts for the lower drip
loss for the slow

70 0C

cores.

Heating rate and end point temperature influenced the nonfat dry
weight of the meat cores (Table J).

Differences in the heating times

resulted in differences of nonfat dry weight because of moisture losses
from the meat. Changes in nonfat dry weight were not apparent with heat
ing from

70 ° c.

40

to

50 ° c

but increased as cores were heated from

50

to

60

to

The effect of heating rate on nonfat dry weight was dependent on

end point temperature.

Slow

60

and

70° c

cores had larger nonfat dry

70 ° c

weights than cores heated at the fast rate to

60

a greater loss of moisture at the slow rate.

Nonfat dry weight at

and

which reflects

50 ° c was not affected by rate of heating.

40

and

Values per animal for drip, evaporative, and total cooking losses
and nonfat dry weight are given in Tables 7, 8 , 9, and

10

Results from the analyses of variance are given in Table
II I.

(Appendix B).

11

(Appendix B).

SEU�AR VALUE

Shear values were similar for cores heated at the two rates (Table
The di fference between the two rates was approaching significance at the

4 ).

Table 4--Means and F value s for shear value , fiber diameter,
gration value of beef ST cores�
Source of
variation
Ra.te e
Slow
Fa. s t
End point ( 0c ) 4_
40
50
60
70
.
Bate x end point ( 0C ) d
Slow
40
50
60
70
Fa s t
40
50
60
70

Shear value
(uL2. S-om core)
Mean
F va!_ue
4. 73ns
10. 9a
11 . 6a
8 9 . 48***
16. 60
14. 4b
6. 9a
7. oa
1 . 3 f18
15. 7
15.0

6. 5
6. 4

17. 5
13. 9

7. 3

7.5

Fiber diameter

Mean
57. la

·. 5a. 4a
69. 0o
58.5b
52. 6a
51 . 0a

.

,�l

F value
1 . 23ns

sarcomere

length, and fiber dis inte

Sarcomere ·.1.ength
Mean

109. 22***

1 . 33ns

. (µ.}

2 . la
2. la
2. 2b
2. 2b
2 . 2b
1. 8a

F value
ne
< l. O
16.50***

< l .. Ons

Fiber dieinte�
tion value
F value
Mean
1 . ons
<
) . la
3� 2a.
73. 85***
. 2. la
�2. 9b .
3 . 60
4. 1d

5. 73**

67 . 6
59. 1
51. 6
50. 2

2.2
2. 2
2.2

1 . 9a
3 . 10
3 . 20
4 . 1d

70. 3
57 . 8

2.2

2.Jab
2. 8bo
3 . 9d
- - 4. 0d

53 . 6
51 . 9

1. 9
2. 3

2.1
1. 8

8Meane o f seven ·replications
bl , no disintegration to 5 , extreme disintegration
°Rate means within a column followed by a conmon letter are not
mined by F te s t (P< 0.05)

s ignificantly

different as deter

�d point or rate x end point means within a column followed by a oonmon letter are not significantl7
different as determined by Student-N�wma.n-Keule te s t (P< 0 . 01 )
ns
P > O . O5 ; **P< 0. 01 ; ***P < 0. 001

w

0)
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5% level ( P < O. 07) .

These results are not in agreement with findings of

Penfield and Meyer (1975) in which ST muscle and the same core size and
heat treatments were used.

They reported significantly lower ( P < 0. 01)

WB shear values for cores heated at the slow rate than cores heated at
the fast rate with respective mean shear values of 12. 1 and 13. 0 kg.
Variation in shear value among animals was not significant in this study,
but work by Penfield and Meyer contained a significant variation in shear
value between breeds.

Differences in breeds and other factors related

to animal variation and sample treatment might result in d i f ferances in
responses of meat samples to .heat treatment.
End point temperature influenced shear value (P < 0. 001) .

The effect

of end point temperature on shear value is illust rated by the polynomial
curve shown in Figure 2.
tion:

The curve was obtained from the following equa
-

Shear value = - 287. SS + 18. 17T - 0. 3504T + 0. 002 15595T3 ;
when shear value is measured in kg/2. 5-c.m core and
T is degrees Celsius.
2

A small, but significant (P < 0. 01) , decrease in shear value occurred with
°

heating of cores from 40 to 50 c.
.

A greater decrease occurred with heat-

0

ing from SO to 60 C, but changes in shear value were not apparent with
heating from 60 to

70 ° c.

These changes in shear are in agreement with

those of Pen field and M�yer (197S) .

Laakkonen et al. (1970) reported

the greatest decrease in WB shear value of samples from bovine meat
slices to occur between SO and

6o 0c .

Dube et al. (19 72) found WB shear

values increased with increasing temperature above

6o 0c

for meat cylinders

from bovine LD and PM muscles .
The effect of end point temperature was independent of heating
rate.

Considerable variation in shear value s, as reflected in large
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Fig. 2--Effect of end point temperature on shear value, fiber diameter,
and sarcomere length.
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standard deviations (Table 12, Appendix B), was reported for cores heated
0

Data for shear value for seven replications

to 40 and 50 C at both rates.

are reported in Table 12 (Appendix B).

Results of the analysis of vari

ance for shear value are given in Table 13 (Appendix B) .
IV.

PHASE CONTRAST MICROSCOPY

Fiber Diameter and Sarcomere Length
Fiber diameter of muscle fibers was influenced by end point tempera
ture (P < 0. 001) but not by heating rate (Table 4) .

Fiber diameter de

creased significantly (P < 0. 01) with heating from 40 to 50 to 6o
0

little change occurred from 60 to 70 C.

0

c,

but

The polynomial curve that best

fits the mean fiber diameter measurements is shown in Figure 2.

The

equation for the curve is:
2

Fiber diameter = 155. 29 - J. 05T + 0. 02231T ;
when fiber diameter is measured in microns and
T is degrees Celsius.
A similar decrease in the width of muscle fioer fragments attributed to
heating was reported by Hostetler and Landmann (1968) .

The width of beef
0

LD muscle fiber fragments gradually decreased up to 45 C and then rapidly
°

decreased between 45 and 62 c with little change after 62 ° c.

Sarcomere length of muscle fibers also was affected by end point tem
perature (P < 0. 001) but not by heating rate (Table 4) .

Sarcomere length

remained unchanged until cores were heated from 60 to 70 0 C.

The effect of

end point temperature on sarcomere length is best represented by the poly
nomial curve shown in Figure

2.

The curve was plotted fro m the following

equation:

2
Sarcomere length = 0. 29 + 0. 082T - 0. 0008518T ;
when sarcomere length is measured in microns and
T is degrees Celsius.
Shortening of sarcomeres was associated with end point temperature by

several researchers.

No decrease in sarcomere length occurred until samples
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of bovine PM muscle were heated from
Hostetler and Landmann

(1968) found that beef LD muscle fiber fragments

55 ° c

shortened only slightly to

of their original length between
Aronson
above

70 to 8o 0c (Hegarty and Allen, 1975) .

and then shor tened to approxinnte ly 80fi,

55

and

65° c.

In similar findings,

(1966) reported sarcomere shortening of rabbit muscle fibers

55 °c.

The question has been raised as to whether fiber fragments

react the same to heat as do intact muscle fibers.

Findings in this study

show similar changes in sarcomere length and fiber diameter of muscle
fibers from cores of meat as found with free fibers in reported studies o
Hostetler and I.andmann

(1968) associated the decreases in width of

muscle fiber fragments with the unfolding of peptide chains and the loss
of water-holding capacity.

Decreases in sarcomere length were associated

with the actual coagulation of the muscle fiber proteins.

In the study
0

reported here, fiber diameter decreased with heating from 40 to 50 to 60 C.
Yet, total cooking losses increased at each observed end point temperature
( Table 3 , p. 3 6).

Sarcomere length decreased between 60 and

70 °c.

De

creases in fiber diameter partially influence increase·s in cooking losses.
Cooking losses at higher temperatures might increase as sarcomeres shorten
and force out fluids.
Values per animal for fiber diameter and sarcomere length of muscle
fibers from raw ST muscles and heated ST cores for seven replications are
presented in Tables 14 and

15 (Appendix B) . Results from the analyses of

variance for fiber diameter and sarcomere length are given in Table 13
(Appendix B).
Relation of Fiber Diameter and Sarcomere Length to Shear Value
Relationships between changes in fiber diameter and sarcomere length
and changes in shear value are not easily explained.

Shear value, fiber

diameter, and sarcomere length decreased with heating from

40 to 70 °c

43
(Table 4, p. 38).
diameter.

Decreases in shear value paralleled decreases in fiber

Shear value and fiber diameter decreased with heating from 40
°

0

to 50 to 6o c and remained unchanged with heating to 70 c.

Sarcomere

length remained unchanged with heating between 40 and 6o 0 c, and then de
°

creased with heating from 60 to 70 c.

Bouton and Harris (1972) sug

gested that the bunching up of conne ctive tissue fibers caused by sar
comere shortening and the increases in cooking losses at higher tempera
tures are factors in addition to muscle fiber coagulation and connective
tissue solubilization that might influence shear values.

In this study,

the decrease in sarcomere length and the increase in cooking losses for
°

cores heated from 60 to 70 c might account for no further decrease in
shear value in this temperature range.
Other factors appear to be influencing shear values.

Dube et al.

(1972) implied from their findings that shear measurements might be
affected by the amount and toughness of connective tissue to a greater
extent than by sarcomere shortening.

Significant increases (P < 0. 01)

in percent solubilized collagen, as reported by Penfield and Meyer (1975) ,
were accompanied by decreases in WB shear value for beef S T cores heated
0

from 50 to 60 C.

However, differences in solubilized collagen did not

completely explain changes in tenderness.

A significant negative correla

tion between penetrometer readings and percent solubilized bydroxyproline
°
in beef ST strips heated to 82 c was reported by Paul et al. (1973) .

These findings suggested that muscle becomes more dense and compact with
increased heating because of increased coagulation of the muscle fiber
proteins.

This increased coagulation might have a greater impact on the

changes in tenderness than the solubilization of connective tissue at
higher temperatures.

Draudt

74°c

(1972 )

suggested that heating meat samples between 60 and

should demonstrate a maximum in the hardening reaction of muscle

fiber with little effect on tenderness attributed to collagen solubili
zation .

Instron breaking strength values of beef ST strips from cores

heated at two rates to simulate roasting at

93

and

149° c

showed increases

in breaking strength value for cores heated at the faster rate from 60
to

70 °c

1976 ).

but not for cores heated at the slower rate (Penfield et al. ,
At the faster rate, limited time for connective tissue solubili

zation but high enough temperatures to cause hardening of muscle fibers
might have accounted for decreased tenderness.
for the fast

70 °c

cores than for slow

70 °c

The higher shear val ue

cores in this study (Table

p. 38) might have been the beginning of such a hardening trend.

4,

It is

possible that a significant hardening of muscle fibers caused by coagu
lation of myofibrillar proteins might have been observed if cores had
been heated above

70 0C.

Effects of end point temperature, as well as heating rate, on tender
ness are not explained adequately by changes in fiber diameter or sar
comere length�

It becomes increasingly apparent that changes in tender

ness of meat are complex and reconfirms the opinion that many factors in
fluence the tenderness of meat during heating.
Fiber Disintegration
Disintegration was defined, for purposes of this study, as the loss
of structural integrity attributed to cracks, breaks, and granulated
areas in the muscle fib ers.
Fiber disintegration value was similar for the two heating rates
but increased significantly (P<O. 001) with an increase in end point

4S
temperature (Table 4, p . 38 ) .

The best representation of these data was

J.

a l inear function shown in Figure

The line was plotted from the fol

lowing equation :
Fiber disintegration value = - 0 . 46 + 0. 066T ;
when fiber disintegration value ranges from 1, no
disintegration, to S, extreme disintegration, and
T is degrees Celsius .
A significant increase (P<0 . 01) in fiber disintegration value occurred
with each observed increase in internal temperature reached by the cores.
The effect of heating rate on fiber disintegration was dependent on
end point temperature (P < 0 . 01 ) .

The . fast rate of heating resulted in

a greater (P < 0. 01) fiber disintegration value than did the .slow rate at
an end point temperature of 6o 0 c.

gration value at 40, SO, and 70oC.

Rate had no effect on fiber disinte-

Shear value decreased as fiber disintegration value increased .
Increased disintegration of muscle fibers was associated with an in
creased number of cracks, breaks, and granulation present in fibers and
a decrease in shear value.

°

With continued heating above 70 c, the harden

ing of the muscle fibers might oppose the tenderizing effects of the
disintegration of muscle fibers resulting in decreased tenderness.
Schmidt and Parrish (1971) noted that the effect of increasing internal
temperature on structural components of muscle was related to changes
in tenderness and shear resistance.

Microscopy using bovine 1D steaks

°

broiled to SO, 60, 70, 80, and 90 0 showed that the progressive shrink

age and f :ragmentation of endomysial connective tissue began at So 0 c.
Myofibrillar proteins coagulated and hardened at temperatures above
6o

0

c.

They concluded that maximum tenderness occurs when the
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Fig. 3--Effect of end point temperature on disintegration of muscle
fibers.
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connective tissue has fragmented without the coagulation of the myo
fibrillar proteins.
Fiber disintegration values from tissue sections for seven repli
cations are reported in Table 16 (Appendix B), and results from the
analysis of variance are given in Table 13 (Appendix B).
Observations from Tissue Sections
Photographs were taken of representative areas from tissue sections
from each treatment selected for observation.

General observations of

the overall appearance of the tissue sections were recorded at that time.
Interpretation of histological work is difficult for several reasons.
Samples are so small that what is seen may not be a true representation
of the entire meat sample.

Artifacts may be produced by treatments such

as sectioning, drying, staining, and mounting.

Paul (1965) made the

following statement:
In evaluating microscopic sections, it must be remembered
that there is considerable variation from place to place in
the same slide, between different sections from the same
muscle, and among samples of the same muscle from different
animals.
Remarks on tissue sections are intended to present general patterns and
observations rather than an explicit description.
Raw meat sections from beef ST muscles exhibited intact muscle
fibers with clear and distinct banding patterns of the myofibrils as
. shown in Figure 4a.

Fibers from raw and heated beef ST muscles showed

passive contraction, or kinking, of muscle fibers.

Few, if any, cracks

or breaks were present in sections from ST cores heated at the slow rate
°

to 40 c (Fig. 4b).

A similar pattern was observed in sections from cores
°

heated at the fast rate to 40 c.

The banding pattern of the muscle

48

a.

b.

Raw ST muscle

c.

Fast,

0
Slow, 40 C

50°c

Fig. 4--Phase contrast photographs from tissue sections of muscle fibers
from raw beef ST muscles and ST cores heated at slow and fast rates to
40, 50, 60, and 70 ° c (295x) .
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0

e.

Fast, 6o 0 c

0

g.

Fast, 70 C

d.

Slow, 60 C

f.

Slow, 70 C

Fig.

4

(continued)

0

°
At both rates, cores heated to 50 c showed

fibers remained unchanged.

muscle fibers containing some cracks and breaks (Fig. 4c).

Most fibers

remained intact and showed few signs of disintegration.
Sections from cores heated to 6o

0

c

contained cracks and breaks in

the muscle fibers and considerable granulation within the fibers as
Sarcomeres became less distinct, and

illustrated in Figures 4d and 4e.

the structural integrity of the muscle fibers diminished.
sections from cores heated to 6o

0

c,

sarcomeres appeared to be shortened,

and muscle fibers were more compact.
fibers occurred in the I band.

In the tissue

Breaks and cracks in the muscle

Paul (1963) reported that cracks and

breaks in beef muscle fibers appeared to start in the I band.

Scanning

electron microscopy has shown that fragmentation of muscle fibers does
occur in the I band at the I band-Z line juncture (Cheng and Parrish,
1975; Schaller and Powrie, 1972).

°
Heating bovine L.D to 50 C caused exten

sive degradation of the Z line and shortening of sarcomeres (Schmidt and
Parrish, 1971) with coagulation of the myofibrillar proteins occurring
0

at 6o c and above.

Doty and Pierce (1961 ) observed the granulation of
°

muscle fibers in beef ST steaks broiled to 66 c.
.

0

Heating · cores to 70 C caused further disintegration of muscle fibers.
In some cases, extreme granulat{on resulted in a loss of the banding
pattern of the muscle fibers (Fig. 4f, g).
Some differences in the effects of the two heating rates were ob
served.

Disintegration was observed as extensive granulation within the

muscle fibers in the tissue sections from cores heated at the slow rate
°

to 60 and 70 c (Fig. 4d, f).
0

At the fast rate, tissue sections from

cores heated to 60 and 70 C showed less granulation but more cracks and .
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breaks than in the slow cores (Fig. 4e, g).

Paul (1963) observed in

creases in cracks, breaks, and granulation that appeared to be progres
The lower shear values for cores heated at

sive with longer heating.
°

the slow rate to 60 and 70 c (Table 4, p. 38), although not significantly
°

different from the fast 60 and 70 c cores, might have resulted from the
greater granulation within the fibers .

Greater cooking losses at the

slow rate of heating also might have occurred from the extensive granu
lation within muscle fibers which caused the release of tissue fluids.
Even with a considerable number of cracks and breaks in the muscle
fibers heated at the fast rate, the banding pattern of the muscle fibers
remained intact in most cases.
The length of time that muscle fibers are heated at temperatures
at which myofibrillar proteins are coagulated might influence the ex
tent and type of disintegration of the muscle fibers.

With increased

time and temperature, other factors such as the continued coagulation
of myofibrillar proteins resulting in a hardening of muscle fibers and
the loss of fluids from the muscle tissue might influence to a greater
degree the tenderness of the muscle fibers.
V.

SCANNING ELECTRONMICROSCOPY

Scanning electron photomicrographs were taken of a selected sample
from each ·heat treatment.

A magnification of 5000 times was selected

because it provided the clearest observation of the structural details
of the myofibrils. The myofibrils were observed in areas in which the
sarcolemma was removed or disrupted during heating.
Methodology used in sample preparation and viewing caused little
structural dama.ge to muscle fibers .

Formalin fixation of samples

provided adequate preservation of the fine structure of the muscle
fibers.

If

Critical point drying did not cause surface distortion .

samples became loosened on the stubs, the samples were reinforced with
silver paint. An epoxy glue might have secured samples more permanently.
Any loose fibers on the sample after coating with metal resulted in
movement of the fibers when they were struck by the electron beam.
This caused distortions of the picture and reduced resolution. · The
major cause for reduced resolution was a build up of an electrical
charge on the sample.

A thick initial coating of palladium- gold or

the recoating of the sample with the metal alloy helped to eliminate
charging and to secure any loose fibers.
Differences in end point temperature and heating rate effects
were assessed by comparing scanning electron photomicrographs. The
loss of the Z line structure prevented the measurement of sarcomere
length from the electron photomicrographs.
Myofibrils from raw muscle samples were, in most cases, unbroken
(Fig. Sa, b) .

Broken fibers at the Z line might be related to prepara

tion techniques or post mortem aging changes (Davey and Dickson,

1970) .

Transverse elements, regarded as part of the sarcoplasmic reticulum
that overlays the Z line, were visible but not prominent.
Samples of muscle heated to

40 ° c

at both rates still exhibited

transverse elements, but in some cases there were signs of disintegra
tion of these Z-line structures (Fig. 5c, d) .
at the Z line.

Small cracks occurred

Sarcomeres were shortened as evidenced by the bulges

in the center of the sarcomere where the A band is located.
and Allen

(1975)

Hegarty

postulated that the initial shortening of the sarcomere
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a.

Raw ST muscle

b.

Raw ST muscle

FigQ .5--Scanning electron photomicrographs of muscle fibers from raw
beef ST muscles and ST cores heated at slow and fast rates to 40, 50,
60, · and 70 ° c (.5ooox).
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Fig.

5

0

c.

Slow, 40 C

d.

Fast, 40 C

(continued)

0
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Fig.

5

e.

Slow,

50° c

f.

Fast,

50° c

(continued)

56

Fig.

5

g.

Slow, 60 0 C

h.

Fast , 60 C

(continued)

0
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Fig.

5

0

i.

Slow, 70 C

j.

Fast, 70 C

(continued)

0
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when heated resulted from the shortening of the A band which might result
in the bulged appearance of the sarcomeres.
°

Heating to 50 c caused further disintegration of the Z-line structure o
Actual breaks in the myofibrils occurred at the Z line, and sarcomeres
were shortened (Fig . 5e, f) .

Schmidt and Parrish (1971) also observed

through transmission electron microscopy the extensive degradation of the
°

Z-line structure and sarcomere shortening of beef LD muscle heated to 50 C.
Intermyofibrillar spaces increased with the heating of samples to
0

6o c (Fig. 5g) o

Increases in intermyofibrillar spaces might have re

sulted from the shrinkage of muscle fibers and the disintegration of Z
Both factors might

line structures causing weakened lateral attachments.

0
be related to the increase in tenderness observed at 6o c .

Davey and

Dickson (1970) related the weakening of lateral attachments during aging
to increases in tenderness of the post mortem muscle.

Progressive disin

tegration of the Z-line structure resulted in the fragmentation of the
myofibrils into blocks consisting of an individual sarcomere (Fig. 5h) .
Aronson (1966) reported that sarcomeres shortened when rabbit muscle
°

fibers were heated above 55 c, and the shortening involved both the I and
A bands.

It was not possible to determine from the photomicrographs if

the I band or A band shortened during heating .
Heavy fragmentation of the myofibrils resulted with heating to 70 °c
(Fig. 5i, j) .

Sarcomeres were bulged and shortened to a greater extent

than at the lower temperatures w

Fragmentation of the myofibrils appeared

to result from the shortening of sarcomeres, the disintegration of the
Z-line structure, and the weakened lateral attachments.
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The overall patterns of structural changes in muscle fibers as ob
served from the photomicrographs were similar for slow and fast rates of
heating.
VI.

COMPARISON OF PHASE CONTRAST MICROSCOPY
AND SCANNING ELECTRON MICROSCOPY

Findings from the microscopy studies showed the progressive changes
in the structure of muscle fibers with heating.

Two perspectives of

structural changes, two-dimensional and three- dimensional, were observed
with the phase contrast microscope (PCM) and the SEM.

Similar patterns

_ of changes in the muscle fibers were observed in the two methods, but
because of differences in resolving power and dimensional perspective
some changes in the structure were observed at different heating points o
As observed with both microscopes, muscle fibers from raw tissue
were intact and exhibited a distinct banding pattern of the muscle fibers.
SEM photomicrographs of muscle fibers heated to
meres were shortened .

�o 0 c

showed that sarco

In contrast, muscle fibers from the fiber sus

pensions observed with the PCM did not appear to have shortened appre
ciably until heated to

70° c .

Entire muscle fibers were not shown in the

SEM photomicrographs because of the large magnification used to observe
structural details of muscle fibers.

Therefore, changes in fiber

diameter of muscle fibers were not apparent from the photomicrographs.
Small cracks at the Z line in muscle fibers heated to
apparent in samples under the SEM.
were evident.

At

50 ° c ,

40 °c

were

actual breaks at the Z line

At higher temperatures, these breaks resulted in extensive

fragmentation of the muscle fibers.

A few cracks were observed with the

PCM at

40

and

50 0C .
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Obvious signs of disi ntegration were not visible

until samples were heated to

6o 0c

and above.

The granulation , or loss
0

of structural integrity, within the muscle fi bers at 60 and 70 C as
observed with the PCM corresponds to the fragmentation of the muscle
fibers observed in SEM photomicrographs.
Fiber disintegration values from tissue sections observed with the
PCM showed a progressive increase in disintegration of the muscle fibers
with increased internal temperature.

Similarly, SEM photomicrographs

showed increased fragmentation and sarcomere shortening with increased
heating.

Shear values did not illustrate the same progressive changes.

Although shear values decreased with heating from
little change occurred from 60 to 70 0 C.

40

to

50

to

6o 0 c ,

The extensive degree of frag-

°
mentation shown in SEM photomicrographs of muscle fibers heated to 70 c

suggests an increase in tenderness because of increased fragmentation
of the muscle fibers.

The loss of fluids, the coagulation of myofibrillar

proteins, and the shortening of sarqomeres at this temperature might in
fluence tenderness to a greater extent tban the fiagmentation of muscle
fibers.
Scanning electron photomicrographs showed that structural changes

in muscle fibers were apparent at

40 ° c .

This suggests that small . changes

might occur earlier in the heating of muscle fibers, but these changes
are relatively small and probably insignificant to tenderness.

Each

instrument serves as a useful tool in studying structural changes in
muscle fibers.

Measurement s of fiber diameter and sarcomere length are

obtained easily with the phase contrast microscope, but dimensional
changes at this level may not reflect the initial changes occurring in
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muscle fibers.

The scanning electron microscope provides the resolving

power and the depth of field to observe small changes in the structure
of muscle fibers not seen with the phase contrast microscope.

VII.

IMPLICATIONS OF STUDY

This study was designed to investigate progressive heat-induced
changes in the structure of beef muscle fibers and in the tenderness of
beef cores and to relate changes in structure to changes in tenderness.
The disintegration of muscle fibers increased with each observed increase
in internal temperature. SEM photomicrographs showed that extensive
fragmentation of muscle fibers resulted with the heating of meat cores
to 70 C. An increase in fiber disintegration should result in increased
0

tenderness, but increased disintegration was not reflected totally in
decreased shear values. Shear value decreased with the heating of meat
cores from

40

to
°

from 60 to 70 c .
ness of the meat.

50

to

6o 0c ,

but changes were not apparent with heating

This suggests that other factors influenced the tender
The shortening of sarcomeres when muscle fibers were
°

heated from 60 to 70 c might counteract the tenderizing effect of the
disintegration of muscle fibers by increasing the resistance of muscle
fibers to shear. Bouton and Harris (1972) suggested that sarcomere
shortening which causes a bunching up of connective tissue not solubil
ized by heating might increase shear.
The slow rate of heating resulted in extensive granulation within
muscle fibers, and the fast rate resulted in more cracks and breaks in
the fibers. Fiber disintegration was greater at the fast rate for cores
heated to

6o 0c

than at the slow rate to

6o 0c .

These observations suggest
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that the rate of heat penetration influences the tYJ)e and extent of dis
integration of muscle fibers.

Disintegration of the mus cle fibers prob

ably results from heat- induced changes in myofibrillar proteins during
denaturation and coagulation of the proteins.

Further study of the

effects of heat on the coagulation of myofibrillar proteins and of the
effect of increased coagulation on the hardening of muscle fibers is
needed to understand changes in the structure of muscle fibers and in
the tenderness of the meat.

In addition, roasts cooked and tested

under similar conditions of this study and evaluated by consumers are
needed to justify any specific heating recommendations .
Shear values were similar for cores heated at the two rates.

Former

studies had shown that a slower rate of heating produced more tender meat.
Because of the large variability of shear values observed at the lower
temperatures used in this study, the results for shear value are not
clear.
Cores heated to

40 and 50 ° c at both rates exhibited considerable

variation in shear values (Table 12, Appendix B).

The variability of

shear values was reduced when cores were heated at either rate to 60
and

70 0 C. A large variation in shear values of meat samples heated

according to procedures used in this study to
found in other studies (Penfield,

40 ° c and 50 ° c also was

1973 ; Barker, 1974) . Some of the

variability in shear values appears to be related to the amount and
nature of the connective tissue. · Increased solubilization of collagen
in ST samples with increasing temperature was reported by Paul et al.

(1973) . Similarly, Penfield and Meyer (1975) found solubilization of
hydrox:yproline increased with increasing temperature, and the greatest

increase occurred from 50 to 60 0C.
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In the present study, the greatest

decrease in shear value and in shear variability occurred between
and

6o 0c.

SO

Division of the end point temperature treatment means into two
groups for statistical analysis of shear values is justified for two
reasons.
group.

First, the variability of shear values is similar for each
°
Second, consumers use end point temperatures of 60 and 70 c as

reference points to which meat is cooked.

At these end point tempera

tures, the effects of heat treatments are reflected in the tenderness
of the meat as perceived by the consumer.

When shear values were
0

analyzed for the separated end point temperatures of 40-50 C and 60-700 C
as shown in Table 5 , shear value was significantly lower (P ( 0. 05) for

cores heated at the slow rate to 60 and 70 ° c than for cores heated at
the fast rate to these temperatures.

Mean shear values for cores heated

°
at the slow and fast rates for end point temperatures of 60- 70 c were

6. 4 and 7. 4 kg, respectively.

Shear values for either group of end point

temperatures were not affected by end point temperature.

In addition,

the effect of heating rate on shear value was independent of end point
temperature.

In further research , shear variability at different end

point temperatures and its subsequent effects on results of a study
should be considered in the design of the study.
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Table 5 --Mean s quare s from analy s e s of variance of s hear value
into two end point temperature groups from ST cores heated
at two rates to four end point temperature s
s eparated

Source of
variation

Degrees of
freedom

Mean sguares
End :eoint r ocJ
End :eoint rocJ
0-50
60-70
4
ns

Rate

1

o. 6 914

Animal

6

10. 4082�

6

2. 8056

End point

1

31. 715 7

ns

o. 0032

ns

Rate x end point

1

14. 5729

ns

o. 1575

ns

12

7. 6726

0. 2795

a
Error A

Error B

b

8

*P<0.

05

s ource s

o. 2849ns
0. 6632

a
Error term for rate and animal
b
Error term for all

6. 7032*

except rate and animal

CHAPTER V
SUMMARY

Beef semitendinosus cores were heated at two rates , referred to

40, SO, 60,

as slow and fast , to end point temperatures of

and

70 ° c.

The effects of heating rate , end point temperature , and rate-end
point temperature interaction on measurements of cooking losses ,
moisture-fat , Warner-Bratzler shear value , fiber diameter , sarcomere
Changes in shear value

length , and fiber disintegration were studied.

were related to changes in fiber diameter , sarcomere length , and fiber
disintegration.

Structural changes in muscle fibers observed in phase

contrast microscopy and scanning electron microscopy were compared and
related to changes in tenderness.
Drip , evaporative , and total cooking losses increased with in
creasing internal temperature (P <0. 001) .

Evaporative and total cooking

losses were greater (P < 0. 001) for cores heated at the slow rate.
Shear value of beef ST cores decreased (P < 0. 01) as the internal
temperature of the cores increased from

40

to

SO

to

6o 0 c.

When shear

values for cores heated to 60 and 70 0 C were analyzed separately from
those for cores heated to
in shear value , the

60

40

and

and

70 °c

So0c,

which showed large variabili ty

cores heated at the slow rate had signifi

cantly lower (P < O. OS) shear values.
End point temperature affected fiber diameter , sarcomere length ,
and disintegration of muscle fibers (P < O. 001) .

As the internal temper

ature of the cores was increased , fiber diameter decreased from

50

to

6o 0c,

sarcomere length decreased from
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60

to

70 ° c,

40

and fiber

to
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disintegration increased with each observed increase in internal temper
ature.

Fiber disintegration value was affected by heating rate only at

the end point temperature of 6o 0 c at which point the fiber disintegration
value was greater with the fast than with the slow rate.

This signifi

cant interaction between rate and end point temperature suggests that a
faster rate of heat penetration might result in the degradation of
muscle fibers at a lower temperature.
Shortening of sarcomeres, small cracks at the Z line, and the dis
integration of Z line structures were observed in muscle fibers that
were heated to

40 °c

and viewed with the scanning electron microscope.

With increased heating of the muscle fibers, breaks occurred at the Z
line and sarcomeres continued to shorten.

Heating to

70 0C

caused extenCon

sive fragmentation of muscle fibers and shortening of sarcomeres.

siderable disintegration of muscle fibers, which included cracks, breaks,
and granulation, was not observed with the phase contrast microscope
until muscle fibers were heated to

60

and

70° c.

The slow rate resulted

in considerable granulation within the muscle fibers heated to

70 ° c,

whereas muscle fibers heated at the fast rate contained more cracks and
breaks.

The slow rate might result in increased tenderness of the meat

because of this extensive granulation within the muscle fibers.

Thus,

the rate of heat penetration also might influence the extent and type
of disintegration of muscle fibers.
Scanning electron photomicrographs showed structural changes in
heated muscle fibers at lower temperatures than those at which changes
in muscle fibers were apparent with the phase contrast microscope.

The

scanning electron microscope possesses the resolution and depth of field
to show small progressive changes in the structure of muscle fibers.
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Increased fragmentation of muscle fibers accompanied increases in
internal temperature.

This disintegration of muscle fibers should result

in increased tenderness of the meat.

Increased heating also resulted in

the shortening of sarcomeres and the loss of fluids from the muscle
tissue which probably opposed the tenderizing effect of muscle fiber
disintegration.

Additional factors, such as the coagulation of myo

fibrillar proteins and the solubilization of connective tissue, also
might influence the final tenderness of meat.

Time-temperature effects

on these factors related to tenderness of meat need further investiga
tion before heat-induced changes in muscle tissue will be understood
more completely.
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PREPARATION O F SOLUTION AND STAINS
Formalin and Pl\ysiological Salt Solution
Dissolve

8.5

g sodium chloride in 100 ml formalin and add distilled

water to make 1. 0 1 of solution.
Sudan III Fat Stain
Dissolve 0. 5 g Sudan III in 50 ml 100% acetone and add 50 ml 70%
ethyl alcohol.

Filter the solution.

Harris Hemato:x:ylin Muscle Tissue Stain
Dissolve 1 g hematoxylin in 10 ml absolute alcohol and add to a
warm solution of 20 g alum and 200 ml distilled water.
mixture to a boil and add 0. 5 g mercuric oxide.

Bring the whole

After boiling an

additional minute plunge the flask into cold water and continue the
cooling by placing the flask under running wateru
glacial acetic acid just before using.

Add a few drops of
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CHECK SHEET FDR TISSUE SECTION SLIDES
Check Sheet ·. for Slides
Bausch & Lomb Dynazoom
Phase Contrast Microscope
MUSCLE FIBERS
1-no disintegration
2-slight disintegration
J-moderate disintegration
4-heavy disintegration
5-extreme disintegration

--------------------

Observer�.--------------
Date
Replication_______________
Magnification_____________�
CONNECTIVE TISSUE
1-fibrous CT
2-fibrous CT
granular CT
3-fibrous CT = granular CT
4-fibrous CT < granular CT
5-granular CT

>

FAT CELLS
1-full fat cells only
2-# full fat cells > # empty fat cells
3-# full fat cells = # empty fat cells
4-# full fat cells < · # empty fat cells
5-empty fat cells only
Sample
Identity

Slide
Code

Muscle
Fiber

Connective
Tissue

Fat
Cells

APPENTIIX . B

TABLES
Table 6--pH of raw ST muscles
Animal

pH

I

5. 45
5 . 38

II

5. 48

III

5. 48

IV

5. 48

V

5. 32

VI

s. 2s

VII
Mean

5. 41

� Standard. deviation

0.09
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Table 7--Drip c ooking lo ss of ST cores heated at tw o rates t o four end p o int temperatures

0

Slow

DriE co o kigg l o ss (�)

�o c

20 C

6o

I

10. 96

17. 12

II

10. 60

III

o

0

c

0

°

°

Fast

0

c

o

10 c

bJ:0 C

,20 C

6o

22. 27

29. 48

13. 25

13. 26

26 . 78

33. 60

15 0 81

25. 03

29. 44

7. 86

10. 59

2L 04

34 . 16

11. 34

20. 05

31. 20

24. 97

140 80

16. 31

190 71

34. 99

IV

13. 05

20. 91

28. 0 7

31 . 10

11. 59

13. 84

18. 81

33. 46

V

14. 59

20. 74

28. 79

25. 65

8. 46

16. 24

23. 90

37. 1 2

VI

12. 39

18. 08

26. 42

30. 77

15. 65

16. 42

24. 80

3 3 . 50

VII

14. 77

17. 59

2 7. 45

28. 99

14. 07

15. 41

21. 81

35. 97

a
Means

12. 53a

18. 61b

27. 03d

28. 63d

12. 24a

14. 58a

22. 410

J4 . 69e

1. 69

1. 97

2. 85

2. 40

3. 07

2. 16

2. 87

1. 42

Animal

+

- Standard
deviations

70 C

8Means foll owed by a commo n letter are not significantly different as determined by
Student-Newman-Keuls test (P < o. 01 )

-.l
\.0 .

Table 8--Evaporative cooking loss of ST cores heated at two rates to four end point
temperatures

Animal

0
�o c

0

�o c

Slow

EvaEorative cooki!!B: loss {�)
0

6o c

0

10 c

°

40 c

°

50 c

Fast

0

6o c

°

70 c

I

0. 57

1. 44

3. 6 7

19. 19

0 . 67

1 . 27

1. 03

5 . 64

II

0 . 43

1. 38

3. 59

22. 21

0 . 43

o . 66

L 51

5 . 17

III

0 . 49

1. 66

4. 30

30. 68

0 . 60

0. 98

1. 65

4. 97

IV

0. 56

1. 57

4. 03

190 84

0 . 40

L 04

L 37

4 . 44

V

0 . 95

1. 98

4. 74

28. 23

0. 5 7

1. 09

2. 23

5 ° 53

VI

0. 42

1. 68

3. 8 7

19. 82

0 . 55

0 . 98

1 . 82

4. 60

VII

0 . 72

1. 53

3 . 97

21. 61

0. 47

1. 17

L 77

3 a 88

Meansa

0. 59a

l. 6lab

4. 02bc

23. 08d

0 . 53a

l. 03a

l. 63ab

4. 89c

- Standard
· deviations

0. 19

0. 20

0. 39

4. 54

0 . 10

0. 19

0. 3 8

0 . 63

+

8Means followed by a common letter are not significantly different as determined by
Student-Newman-Keuls test (P< 0. 01)
co
0

Table 9--Total cooking l o ss of ST co res heated at two rates t o f our end po int tempe ratures

0

o

Sl ow

Total c o oking loss (�}
0

0

°

o

Fast

°

60 C

100c

14. 53

27. 80

39. 24

8. 29

11. 25

22 . 55

39 - 33

55 0 65

15 . 40

17. 29

21. 38

39. 97

32. 10

50. 94

11. 99

14. 71

20. 18

37. 91

22. 72

33. 53

53. 88

9. 02

17. 33

26. 13

42. 6 5

12. 81

19. 76

30. 30

50 . 59

15 .. 19

17 . 40

26. 61

38. 10

VII

15. 67

19. 12

31. 42

50. 61

14. 54

16. 58

23. 5' 8

39. 85

a
Means

1 J. 14a

20. 22b

31. 06d

51. 7lf

12. 62a

15. 58a

24. 03c

39. 58e

1. 88

2. 12

3. 15

2. 33

2. 94

2 . 27

2. 87

1. 57

6o c

10 c

f!0 C

20 C

18. 56

25. 94

48. 67

13. 92

11. 03

17. 19

28. 63

51. 66

III

11. 82

21. 71

35. 50

IV

13. 61

22. 48

V

15. 53

VI

Animal

�o c

20 C

I

11. 54

II

+- Standard
deviatio ns

�eans followed by a c ommo n letter are no t significantly different as determined by
Student-Newman-Keuls test (P<0. 01)

co
1--1

Table 10--Nonfat dry weight of :raw ST muscles and ST cores heated at two rates to four
end point temperatures

°

c

Slow

Nonfat d� weight (�}
0

c

c

0

Fast

c

70 c

°

b!0 C

50 0 _

6o c

70 c

0

Raw

l±0 C

50 c

6o

I

22. 86

24. 94

25 . 03

27 . 13

39. 42

25 0 26

2 3 0 63

29. 07

32. 38

II

22. 68

24. 46

22. 34

27. 34

39. 68

22. 45

23. 86

25. 96

32. 20

III

23 . 07

24. 56

26 . 17

32. 84

45. 17

27 . 24

23. 71

25. 21

32. 35

IV

22. 77

23. 65

26 . 28

29. 7 1

38. 82

24. 63

23. 93

240 81

32 .. 69

V

23 . 80

25. 42

26 . 79

30 . 67

42. 96

24. 32

24 . 95

28 . 14

36 . 00

VI

23 . 24

25 . 02

25 . 60

30 . 38

41 . 35

25. 85

25 . J4

28. 45

32. 07

VII

22. 99

25 . 74

24. 63

28 . 22

41. 77

25 . 12

23 . 71

25 . 53

34. 36

23 . 06

24. 83ab

25. 26ab

29. 33c

41. 3le

24 . 98ab

24. 16a

26. 75b

33 . 15d

0 . 38

0 . 69

1. 49

1. 80

2 . 25

1 . 47

0 . 69

1. 74

1 . 48

Animal

Means

a

+- Standard

deviations

8Neans followed by a common letter are not significantly different as determined by
Student-Newman-Keuls test ( P < 0 . 01)

(

Table 11--Mean s quares from analy s e s of variance of cooking lo s s e s and nonfat dry weight
of ST core s heated at two rate s to four end point temperature s
Mean sguar�s
Evaporative
Total
cooking
cooking
lo s s
los s

Degree s of
freedom

Drip
cooking
los s

Rate

1

7. 3081

Animal

6

8. 1220

3. 7681

14. 614o

6. 615o

6

6. 4774

2. 7417

10. 1120

1. 9732

3

1029. 282 7***

522. 2732***

·2921. 3 716***

· 483. 0237***

Source of
variation

a
Error A
End point

ns
ns

394. 5330***
ns

517. 5904***
ns

Nonfat
dry
weight
119. 3988***
ns

Linear

1

3043. 7245***

1222. 4829***

8154. 9750***

1137. 1451***

Quadratic

1

25. 9624*

378. 8 721***

598. 8678***

308. 0861***

Cubic

1

18. 16ll

Rate x end point
b
Error B

3

ns

84. 4030***

36

5. 0585

55. 4648***
261. 7397***
2. 4799

ns

10. 2 72l

82. 2926***

3. 8633

ns

3. 8 3 99

47. 0 581***
1. 6994

a
Error term for rate and animal

b·
Error term for all source s except rate and animal
ns

P > 0. 05;

*P < 0. 05;

***P < 0. 001

0:,

w

Table 12--WB shear value of ST cores heated at two rates to four end point temperatures
a

Slow

Shea r value

{kgl2. 2-cm core�

10 0c

12. 5

7. 6

7. 8

14. 3

12. 1

7. 9

7. 1

6. 1

18. 0

12. 5

7. 2

8. 3

7. 2

601

16. 2

14. 1

6. 9

7. 7

12. 5

6. 9

6. 7

16. 0

16. 0

7. 8

8. 3

17. 8

14. 6

7. 1

6. 9

20. 7

15. 5

6. 7

5. 8

15. 9

11. 3

6. 3

5. 8

13 . J

14. 5

7. 3

7. 6

15. 7

15. 0

6. 5

6. 4

17. 5

13 . 9

7. 3

7. 5

1. 8

3. 1

0. 6

0. 4

3. 7

1. 6

0. 5

0. 9

o

0

c

0

10 c

!!0 C

20 C

°

Animal

?±0 C

20 C

I

17. 3

19. 0

5. 8

6. 7

23. 7

II

15. 9

14. 3

5. 6

6. 4

III

16. 4

14. 0

6. 7

IV

13. 1

19 . 4

V

13. 5

VI
VII
a

Means

+- Standard

Fast

c

°

deviations

6o

o

6o

0

8Means of six shears

en
�

Table 13--Mean s quare s from analys es of variance of shear value, fiber diameter, s arcomere
length, and fiber di s integration value from ST cores heated at two rate s to four end point
temperature s
Mean square s
Source of
variation

Fiber
disintegration
value

Degrees of
freedom

Shear
value

Rate

1

5. 8502

ns

22. 1257

Animal

6

5. 1106ns

46. 6086

o. 0258

6

1. 2381

17. 9230

0. 0127

3

353. 7159***

924. 1047***

0. 4637***

10. 3092***

a
Error A

End point

Fiber
diameter

Sarcomere
le�h
ns
ns

-- c, n s

ns

ns

o. 3302

ns

o. 0946
0. 4168

Linear

1

927. 8360***

2493. 4304***

0. 9641***

30. 4260***

Quadratic

1

16. 1788*

278. 8393***

0. 4063***

Cubic

1

117. 1329***

o. 5016
c, ns

Rate x end point
Error B

b

ns

ns

ns

o. 0443

ns

o. 0207

ns

o. 0275

0. 7997**

0. 0281

0. 1396

3

5. 4249

11. 2357

36

3. 9529

8. 4611

ns

a
Error term for rate and animal
b
Error term for all sources except rate and animal
c
Mean

ns

s quare

P > 0. 05;

value i s less than the

*P<0. 05;

**P<0. 01;

number

of

s ignificant

***P < 0. 001

digit s . u s ed in analy s e s

O:>
\.n

Table 14--Fiber diameter of muscle fibers from raw ST muscle s and ST core s hea ted at two
rates to four end point temperatures

°

Slow

Fiber diameter (JJ,,)a

Fast

60 0

70 0

b!:0 C

20 C

60 ° 0

100 c

64 .. 7

54.8

75. 0

55. 0

54.8

52.4

66. 9

64.2

52 . 6

53 . 9
55. 4

65. 6

64. 2

5 6.5

50. 8

76. 3

66.9

60. 9

51 . 0

49. 9

70. 6

50. 4

52.1

IV

71.1

67. 8

53 . 5

49 .7

46. 6

69. 5

53 . 9

56. 8

52. 4

54 . 6

V

72. 2

64. 9

5 6. 5

55.7

5 4. 1

72. 2

61. 2

59. 8

58 . 7

VI

73. 5

70. 8

59 .6

49. 9

48 . 2

7 1. 9

56. 3

51.0

VII

74. 4

63. 1

54.6

47. 3

43 . 1

67.J

44 . 9

57. 2

50.2

49. 5

Meansa
+- Standard
devia tions

72. 3

67 . 6

59 .1

51 . 6

50. 2

70. 3

57 .8

53 . 6

51 . 9

z. 9

3. 3

4. 5

3. 0

4. 5

3.2

J. 6

3. 6

4. 3

0

Animal

Raw

b!:0 0

20 0

I

71 . 9

72 . 8

II

67. 0

III

°

0

°

o

8Means of 25 muscle fibers

0)
O'\

Table 15--Sarc omere length o f muscle fibers from raw ST muscles and ST cores heated at two
rates to four end p o int temperatures
a

°

Slow

Sarcomere le!!B'.th ( .,,U.2
0

°

70 0 c

2. 4

2. 0

1. 8

2. 5

2. 1

1. 9

2. 1

1. 9

1. 9

2. 2

2. 3

1. 7

2. 3

1. 8

2. 3

2. 4

2. 3

1. 9

2. 1

1. 9

1. 7

2. 4

2. 1

2. 2

1. 8

2. 3

2. 3

2. 4

1.9

2. 2

2. 4

2.1

1. 8

2. 1

1. 9

2. 2

2. 2

1. 8

2. J

2. 4

2.0

1. 8

2. 2

2. 2

2. 2

2. 2

1.9

2. 2

2. 3

2. 1

1. 8

0. 1

0. 2

0. 2

0. 2

0. 1

0. 2

0. 1

0. 2

0. 1

0

0

6o c

10 c

ld:0 C

20 0

2. 0

2. 2

1. 9

2. 0

2. 0

2. 5

2. 4

1. 9

2. 2

2.3

2.1

2. 1

IV

2.2

2. 3

2. 1

V

2. 2

2. 4

VI

2. 4

VII

Animal

Raw

!±0 C

so c

I

2. 3

2. 2

II

2. 2

III

a
Means
+
- Standard
deviatio ns

Fast

6o c

o

0

8Means of 2 5 muscle fibers

OJ

�

Table 16--FibGr disintegrati o n value o f tissue sectio ns fro m ST c o res heated at tw o rates
t o fo ur end po int temperatures

°

o

Slo w

ab
Fiber disintegratio n value
0

0

°

o

Fast

°

0

Animal

!±0 C

20 C

6o c

70 c

l:!0 C

20 C

60 C

70 c

I

1. 6

3. 1

3. 2

3. 7

2. 7

3. 3

3. 9

3. 9

II

2. 2

3. 1

3. 4

4. 1

2. 5

2. 2

3. 4

2. a

III

2. 0

2. 7

3. 3

3. 9

2. 4

2. 9

4. J

4. 0

IV

1. 5

2. 9

3. 4

4. 2

2. 2

3. 2

4. 2

V

1. 4

3. 3

3. 5

4. 9

2. 2

3. 3

3. 9
3. 7

4. 3

VI

1. 8

3. 1

2. 8

3. 9

2. 1

2. 6

4. 5

4. 7

VII

2. 6

3. 5

3.1

4. 2

1. 9

1. 8

3. 8

4. 0

1. 9a

3. lc

3. 2 c

4. ld

2. 3 ab

2. 8bc

3. 9d

4. 0d

0. 4

0. 3

0. 2

0. 4

0. 3

o. 6

0. 4

o. 6

C

Means
+
- Standard
deviatio ns
8Means
b

of

10 judgments

l, no disintegration to 5, extreme disintegration

0

Means f ollo wed by a comm o n letter are n ot significantly different as determined by
Student-Newman-Keuls test (P<0. 01)

co

VITA
Leanne El len Hearne was born in Viborg, South Dakota , on June 27 ,

1951 .

She attended public school in Hurley, South Dakota , and was

graduated from Hurley High School in 1969 .
She attended South Dakota State University from September 1969 to
May 1973 and was graduated with highe st honors and received the Bachelor
of Science degree in Food Science .
The following September, she began work as a gradua te teaching
assistant at The Univers ity of Tenne ssee , Knoxville .

In August 1974 ,

she received the Master of Science degree with a major in Food Science .
That September she continued her studies at The University o f Tennes see
towards a Doctor ' s degree and began work as a graduate assistant .

She

held a University Non- Service Fellowship and a Nestle Company Fellowship
during he r doctoral studie s .

In August 1976 , requirements for the Doc tor

of Philosophy with a maj or in Home Economics and an option in Food Science
were completed.

She is a member of the American Home Economic s Associa

tion, the Institut e of Food Te chnologist s , Phi Upsilon Omicron , Omicron
Nu , and Phi Kappa Phi .
She is the wife of Thomas M. Hearne , Jr. and is the daughter of
Mr. and Mrs . Leo Christensen of Hurley , South Dakota .

89

